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Abstract
The interfacial tension of partially miscible phases, containing H2O and
hydrocarbons in the presence of CO2 at elevated pressures and tempera-
tures, has been studied within the context of producing cleaner fossil fuels
by simultaneously tackling greenhouse gas emissions. This is a most rel-
evant property influencing the multiphase reservoir flows associated with
enhanced oil recovery (EOR), and carbon capture and storage (CCS). The
main core of the thesis focuses on the experimental investigation of the
dependence of interfacial tension on pressure and temperature, for various
mixtures of pure substances relevant to oil-field conditions and fluids. For
this purpose, a high pressure high temperature (HPHT) apparatus, com-
prising a view cell, high pressure capillary tubing connections, and appro-
priate fluid delivery syringe pumps, was used over an operating tempera-
ture range of (298 to 473) K and at pressures up to 60 MPa. The appa-
ratus implemented the pendant drop method, well suited for the accurate
determination of fluid/liquid interfacial tensions at elevated pressures and
temperatures, linked to a computer-aided drop shape analysis (DSA) sys-
tem. Measurements were made over a wide range of conditions for the two-
phase systems (H2O + CO2), (n-decane + CO2), (n-dodecane + CO2), (n-
hexadecane + CO2), (H2O +n-decane) and (H2O + [n-decane + CO2]). The
different isotherms recorded for each system demonstrated systematic trends
with increasing pressure, while the decrease of interfacial tension with tem-
perature observed at ambient pressures was usually reversed at elevated
pressures. For the (H2O + CO2) system in particular, the pressure depen-
dence of interfacial tension demonstrated abrupt changes at certain condi-
tions, associated with the onset of the liquid or supercritical states, above
which the interfacial tension was less sensitive to changes in both pressure
and temperature. This was not the case for the (n-alkane + CO2) systems,
where the interfacial tension reduced with increasing pressure, vanishing as
the two phases became miscible. This motivated the study of the ternary
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system (H2O + [n-decane + CO2]) for which the interfacial tension showed a
positive but comparatively small pressure dependence. Analysis of the val-
ues obtained for different amounts of CO2 in the ternary system, provided
surface excess concentrations as well as relevant thermodynamic quantities.
In most cases, the time evolution of the interfacial tension was also ex-
amined. This was largely in line with the time scales required for the equi-
libration of a pendant drop by diffusion of the, slightly mutually soluble,
associated phases. However, some differences from the expected time be-
haviour for the (H2O + [n-decane + CO2]) systems are discussed with regard
to effects from the possible presence of amphiphilic impurities. Theoretical
tools based on the statistical associating fluid theory (SAFT) - a molecular-
based equation of state - were used to compare interfacial tension predictions
with the acquired experimental results. This demonstrated the impressive
quality of the ab-initio predictive capabilities of SAFT, as well as indicating
the scope for further improvement of the approach.
The effect of interfacial tension on the trapping of non-wetting fluids, like
CO2, in porous media was explored at ambient conditions in a separate
study. A water-soluble surfactant, dodecyl trimethyl ammonium bromide
(DTAB), was used to lower the interfacial tension of the ([H2O + DTAB] +n-
decane) system. This was determined for DTAB concentrations ranging
from (0 to 0.0325) mol L−1 using the Wilhelmy plate method. A custom-
made sintered-glass porous core was used for conducting fluid displacement
(“flooding”) experiments, which were carried out during a two-month sec-
ondment undertaken at Shell International Exploration and Production BV,
Rijswijk, the Netherlands. The amount of trapped n-decane (the non-
wetting phase) was determined using an in-line micro-CT scanner that re-
quired the addition of a heavy salt, caesium chloride (CsCl), at a fixed
concentration of 4 wt%, to create the appropriate density contrast for X-
ray imaging. The effect of CsCl on the interfacial tension of the sys-
tem ([H2O +CsCl-4 wt% + DTAB] +n-decane), was therefore also quanti-
fied; the analysis of the interfacial tension obtained both with and without
CsCl provided values of the surface area per DTAB molecule at the interface
and Gibbs energies of adsorption for the two cases. From micro-CT tomog-
raphy scans obtained, 3D spatial distributions of the two immiscible phases
within the core were constructed, providing phase saturations as well as
statistics on the number and size of trapped clusters, for different flooding
vii
fluid concentrations and injected pore volumes.
The current work was carried out as part of the Imperial College London
– Shell Grand Challenge Programme on Clean Fossil Fuels. It covered a
wide range of interfacial tension measurements at conditions relevant to
oil-field applications, and explored the effect of interfacial tension on the
trapping potential of a model porous medium. The research represents
a significant step in enabling the direct design and optimisation of EOR
and carbon storage processes. Areas in which it might be extended, both
through further experimental studies and improved modelling, have been
identified.
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1. Introduction
1.1. Scope
The scope of the present work was to conduct key experimental measure-
ments of fluid properties in a wide range of conditions relevant to oil-field
applications. Cleaner fossil fuels production, through schemes that can pro-
vide the worldwide required energy by efficient reservoir exploitation, with
simultaneous greenhouse gas emissions control, must be implemented during
the transition period to more sustainable energy sources. Several key ther-
mophysical properties of relevant compounds must be well understood for
the effective design and optimisation of such multi-component and multi-
scale processes. In this context, the interfacial tension of representative
fluids at reservoir conditions, as a driving force for hydrocarbon recovery
as well as in greenhouse gas trapping processes, was the prime focus of this
work.
1.2. Energy and Climate Change
The world’s total commercial energy needs today are covered by more than
90 % from the use of fossil fuels [1]. At the same time, climate change is
directly linked to CO2 emissions [2], creating a great engineering challenge.
Stopping the use of fossil fuels tomorrow is not a realistic option, continuing
however to affect the environment in a negative way may very well lead
to equally abrupt, world-wide changes. A “golden ratio” solution has to
be sought and implemented during a transition period, before alternative
energy sources prevail and are able to provide for the world’s energy demand.
Carbon dioxide (CO2) is, along with other gases such as CH4, N2O and
hydrofluorocarbons, one of the long-lived greenhouse gases (GHGs) emit-
ted by human activity. Although it has a lower global warming potential
(GWP) than the other major GHGs, it remains the most significant in
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terms of both emissions and impact [3]. For direct comparison, the unit of
equivalent CO2 emissions is used, which for a given GHG is the product
of the GWP and emissions. In 2004, according to the latest IPPC report
“Climate Change 2007” [2, p.36], the amount of CO2 produced from fos-
sil fuel burning accounted for 56.6 % of the world’s total annual equivalent
CO2 emissions. The latter has in turn grown since 1970 by 70 % [2, p.72],
amounting within 2007 to equivalent emissions of 29.5 Mt of CO2 [4], 10 %
larger than for 2004, which clearly demonstrates an increasing trend.
Supercritical carbon dioxide (scCO2), however, is often used as a reservoir
process fluid to enhance oil recovery and its storage in underground forma-
tions is a potential way of mitigating climate change during this transition
period to more sustainable energy sources. Carbon capture and storage
(CCS) [5, 6] is widely seen as an attractive approach for mitigating CO2
and is projected to play a major role in emissions reduction [5].
1.3. Oil Reservoirs: Energy Sources and Carbon
Storage Sites
Most oil reserves in the world, as quite commonly known, are situated well
underground. However, these are not as one may think of them – huge
underground pools that once reached by drilling are easy to exhaust with
simple pumping. A more accurate description would be that of an extrav-
agant (thousands of square meters wide and several hundred meters thick)
sponge-like porous medium, located under high pressure and temperature
way below the Earth’s surface. Reservoirs are drilled to depths up to 10 km.
Considering therefore hydrostatic pressure (0.01 MPa m−1) and a geother-
mal gradient of approximately 0.03 K m−1 [7], it immediately results in con-
ditions that reach pressures and temperatures up to 100 MPa and 573 K
respectively.
Oil, water and gas are accumulated under such conditions in these reser-
voirs, which consist of porous and permeable rocks. The flow of petroleum
fluids through the reservoir rocks is ultimately dependent on flow through
the pores. This is a very complicated process due to the multi-phase flow
and mass-transfer phenomena that occur. There are approximately 1010
pores in a 1 cm3 representative rock sample (1-100 µm range of pore sizes [8,
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p.111]), with a total surface of at least 1 m2 [9, p.178]. Considering therefore
a reference area of 1 km radius around a drilled well bore, this would mean
that the oil must travel through hundreds of millions of pores to reach the
well, by a process in which interfacial phenomena are dominant. A great
deal of research has focused on fully understanding the behaviour of such
flow at the micro-scale [9–11].
1.3.1. Oil Extraction
By drilling into the reservoir there is a spontaneous initial quantity of oil
produced because of the natural pressure difference. In addition, it is possi-
ble to retrieve more oil by pumping from individual wells connected to the
reservoir. The amount of oil produced in this way is approximately 10 % of
the Original Oil In Place (OOIP) [12].
Secondary Oil Recovery processes can be used to increase the overall per-
centage of oil recovery from (10 – 15) % to a maximum of about 60 % of the
OOIP [12, p.9]. These processes provide the system with mechanical energy
to displace the oil, such as gas or water injection for pressure maintenance.
The remaining oil in the reservoir is not easily (or economically) retrieved.
This can be due to particular fluid properties (eg. high oil viscosity and
density), to characteristics of the reservoir, such as rock heterogeneity and
microscopic porosity leading to low permeabilities ranging from (10−15 to
10−11) m2 or (1 to 104) mD [13, p.155] [14], and often to the rock/fluid/liquid
interfacial interactions. All these factors contribute in making the task most
challenging.
1.3.2. Causes for non-Total Recovery
The pores of a reservoir will initially be mostly filled with oil under high
pressure and temperature. When the reservoir is reached by a drilled well,
the pressure difference between the reservoir and the well, causes an initial
spontaneous quantity of oil to be produced. This happens until the pres-
sure gradient has equilibrated, while the initial quantity of oil produced in
this way will often be the least viscous fraction, hence the easier to travel
through the pores and reach the well bore. A major field practice, aiming
at maintaining a pressure gradient, is to introduce water via a separate in-
jection well. The latter can be compressed appropriately into the reservoir
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Figure 1.1.: Porous rock containing H2O and oil at low H2O/oil ratio. The
dark brown looped areas represent the rock; the dark grey narrow areas
between the rock represent the H2O phase and the light grey areas represent
the oil phase.
and serve as a displacing fluid, forcing the oil (being immiscible with water)
to arrive at the production well (or wells). As it happens though, even after
such secondary recovery operations, almost half of the OOIP still remains
in the reservoir. This is a result of both the low viscosity of water, leading it
to by-pass the more viscous oil and flow through more permeable pathways
[15], and effects due to the (H2O + oil) interfacial tension [12].
A simplified explanation of how interfacial tension affects oil recovery
can be given by looking at the pore scale. A wetting fluid in contact with
a porous substrate of capillary dimensions, will tend to come in contact
and occupy the most narrow parts of the porous network. In contrast, a
non-wetting fluid, especially when a competing wetting fluid is also present,
will suffice in resting at larger sections of the solid structure, maintaining
a smaller contact area with the substrate than that of the former. In the
usual case of reservoirs, water (in this case the wetting fluid), prefers to be
in contact with the rock more than oil does (non-wetting). This difference
can be expressed in terms of interfacial tension. The higher the interfacial
tension of the two fluid phases, the greater the difference in wettability
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Figure 1.2.: Porous rock containing H2O and oil with trapped oil. The dark
brown looped areas represent the rock; the dark gray areas represent the
H2O phase and the light grey areas that are surrounded by the H2O phase
represent the oil phase.
(otherwise expressed as contact angle) which is expressed by Equation 2.11,
described in detail in Section 2.5.
It may not be readily apparent how this effect causes a problem for oil
recovery. However, by considering a single cavity surrounded by narrower
channels (capillaries) the actual problem can be readily understood. As
shown in Figure 1.1 when the water-to-oil ratio is small, the cavities are
mostly filled with oil while water tends to maximise its interfacial contact
area with the rock by remaining in the narrower parts. By injecting more
water for displacing the oil through the pores, some oil is indeed recovered,
thus the ratio gradually changes. At some point (see Figure 1.2), a water-to-
oil ratio is reached that water begins to “surround” the oil (since it prefers to
be in contact with the rock) and so it simply starts bypassing the oil, leaving
a residual amount of oil trapped in the pores, which, depending on the type
of rock, may range from (20 to more than 50) % of the OOIP [16, p.53].
This remaining quantity will tend to reduce its interface with water, due to
interfacial tension between the two fluids (obtaining a minimum surface per
unit volume). Hence, it will tend not to pass through the narrower channel
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as this would mean that its relative interfacial area would have to increase.
Such reservoir effects are therefore strongly controlled by interfacial prop-
erties of the various phases in contact, which underlie important quantities
such as contact angle and capillary pressure, discussed in more detail in Sec-
tions 2.5 and 2.7. Therefore, predicting interfacial properties at reservoir
conditions is crucial for enhanced oil recovery and carbon storage applica-
tions.
1.3.3. Enhanced Oil Recovery (EOR)
A number of techniques have been developed for increasing the oil recovery
factor such as well-stimulation, infill and horizontal drilling. However these
are not considered to be enhanced oil recovery methods. Baviere (1991) [12,
p.vi] says
“· · ·EOR methods aim at increasing the ultimate oil recov-
ery by injecting appropriate agents not normally present in the
reservoir, such as chemicals, solvents, oxidizers and heat carriers,
in order to induce new mechanisms for displacing oil· · · ”
Latil [17, p.2], however, had earlier (1980) used the term of EOR for
describing all such methods applied to supplement the reservoir’s natu-
ral internal energy. These techniques, categorised as secondary or post-
secondary methods (as originally described in the early years of petroleum
recovery), they are now applied much earlier in the process of production.
In many cases EOR techniques are used before the end of the primary
production phase. However such decisions require careful analysis for de-
termining whether supporting the natural recovery processes would lead to
sufficient additional oil recovery to account for the heavy capital investments
and chemicals required for EOR. Such techniques can be divided into three
groups [17]:
1. Chemical flooding
Chemicals such as surfactants and polymers are added to the flood
water. Surfactants aim at reducing the (H2O + oil) interfacial ten-
sion while polymers are used for increasing the sweep efficiency of
the flooding fluid by improving the mobility ratio between the latter
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and the in-situ oil (through viscosity modification) [12, p.25]. How-
ever, lowering the interfacial tension with surfactants can sometimes
cause emulsification and produce a (H2O + oil) mixture which may be
difficult to separate.
2. Miscible flooding
Fluids such as hydrocarbon gases (enriched in propane and butane),
CO2 and possibly nitrogen are injected after, or instead, of water flood.
In this case, the flooding fluids mix with the in-situ oil and improve
its flow properties by reducing the oil’s viscosity.
3. Thermal recovery
Examples of thermal recovery methods include steam injection and in-
situ combustion [9, p.177]. Such methods aim primarily at achieving,
or creating a fraction with, reduced oil viscosity by increasing the
temperature of the reservoir.
EOR methods therefore aim at improving the oil’s flow and displacement
properties in a porous rock. The interfacial tension of partially miscible
phases is an essential property which governs these processes. Hence signif-
icant research has focused on the area of interfacial tensions for a range of
aqueous, carbon dioxide, hydrocarbon and surfactant systems at reservoir
conditions, summarised in Chapter 3.
1.3.4. Carbon Capture and Storage (CCS)
Sequestration of CO2 can be achieved by injection into underground forma-
tions at depths of approximately 800 m or more. Assuming a geothermal
gradient of 0.03 K m−1 and hydrostatic pressure (0.01 MPa m−1) [7], the
conditions at these depths are in the range T ≥ 310 K and p ≥ 8 MPa. Pure
CO2, for which Tc = 304.1 K and pc = 7.37 MPa [18], would therefore be in
supercritical state with a density ρ ≥ 327 kg m−3. Storage would be feasible
as long as buoyancy forces can be balanced by capillary forces, trapping
CO2 in rock pores, and/or CO2 is retained below an impermeable cap rock.
Porous formations such as deep saline aquifers and depleted oil or gas
reservoirs could serve as sites for CO2 storage [5]. A range of trapping
mechanisms applies in such formations. Dissolution of CO2 in the aqueous
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phase with sinking of the denser carbonated water occurs over the medium-
term (hundreds of years), while subsequent mineralisation, with dissolved
CO2 precipitating in the presence of ionic species to form calcium, magne-
sium and iron carbonates occurs over the long-term (millions of years) [7].
However, in the short-term (decades) the storage of CO2 in porous reser-
voirs must rely on capillary trapping, i.e., the injection into µm-sized pores,
where interfacial tension causes the non-wetting CO2 phase to be retained
between narrow pore throats. Ocean storage is also an option that has been
considered, since the (H2O + CO2) system, at appropriate depths, can form
hydrates and sink to the ocean floor. However, the effects of CO2 dissolution
on the pH of the ocean, and consequently on the ecosystem, are uncertain
[19] and the risks of exposing marine life to unfavourable conditions by CO2
dispersal aided by currents are significant [20, 21].
Since CO2 is largely used as a process fluid in oil and gas reservoirs for
enhanced oil recovery (EOR) [22], or in coal beds for enhanced coal bed
methane (ECBM) processes [23], it provides the possibility for achieving
a combined advantage. Enhanced recovery may be followed by long-term
storage through subsequent CO2 trapping by capillary forces (or by absorp-
tion) into the reservoir’s pores (or matrix structure) after displacing the
in-situ oil (or gas), so liberating valuable hydrocarbons.
1.4. Grand Challenge for Clean Fossil Fuels
Combining injection with subsequent trapping of the non-wetting supercrit-
ical CO2 phase in the pores of a depleted reservoir, or deep saline aquifer,
is therefore a promising scheme for allowing the continued use of fossil fuels
with minimal environmental consequences, as illustrated in Figure 1.3.
Such a scheme must meet strict criteria for sealing efficiency, and include
monitoring, of the stored CO2, especially when a site is close to populated
areas. The design of such processes is ultimately linked to the confined be-
haviour of the fluids in question at reservoir conditions - largely controlled
by interfacial forces. The interfacial tension of CO2 with these fluids at
conditions representative of underground formations is therefore an impor-
tant thermophysical property, necessary for the design of such processes.
Interfacial tension data currently available for systems containing aqueous,
hydrocarbon and carbon dioxide phases are limited in extent and accuracy,
8
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Figure 1.3.: Representation of an example of a potential onshore scheme for
CO2 storage. Image from the technical report (No.: 2009-1425) on guide-
lines for CO2 storage by Det Norske Veritas AS [24]. Used by permission.
www.dnv.com
especially at elevated pressures and temperatures, while models usually fail
to capture the pressure dependence. Such high-pressure, high-temperature
(HPHT) data for (H2O +n-alkane + CO2) systems are necessary for vali-
dating and extending the predictive capabilities of models over wide ranges
of (p, T ) conditions and fluid compositions. This would then form the ba-
sis for reservoir flow modelling tools to be applied to direct process design
based on the knowledge of key thermophysical properties of the relevant
fluids coupled to the surface chemistry/physics of the rock minerals, and
the pore structure.
The present project is part of the Imperial College London – Shell Grand
Challenge, funded by Shell International Exploration and Production B.V.,
focused on enabling clean production of fossil fuels through such efficient
recovery and processing of hydrocarbons with minimal overall carbon emis-
sions. This would include capturing of CO2 produced by power plants in-
situ, with synchronous injection of the captured fluid into underground oil-
reservoirs. CO2 could then be used in some cases as an EOR process fluid,
and when the reservoir eventually reached depletion, CO2 would be stored
in the reservoir’s pore network. Such a sequestration scheme should poten-
tially retain CO2 underground until mineralisation occurs, much like already
9
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existing reservoir hydrocarbon gases have remained in place until they were
reached by drilling.
1.5. Project Objectives
As part of this overall challenge, the present project focused on the interfa-
cial tension of partially miscible phases of aqueous and hydrocarbon systems
in the presence of carbon dioxide. The main emphasis was on experimental
investigations at representative reservoir conditions, over a range of pres-
sures up to 60 MPa and temperatures up to 443 K. Two component systems
containing H2O, n-alkanes and CO2 constituted the initial objectives of the
project, while further investigations on two-phase three-component systems
were in-line with the overall motivation. Representative alkanes such as
n-decane, n-dodecane, and n-hexadecane were used to model the oil phase.
The obtained data were represented by correlations to enable interpolation
within the range of p, T and compositions studied.
The comparison of these experimental data for the (H2O +n-alkane + CO2)
systems at elevated pressures and temperatures with a well-defined physical
molecular equation of state (statistical associating fluid theory of variable
range, SAFT-VR), combined with density functional theory (DFT), was
used to evaluate and demonstrate its predictive capabilities, as well as its
potential for improvement. Once validated and tuned to reliable data, ac-
curate modelling tools such as SAFT-VR-DFT [25] can then be used for
predicting the interfacial tension of relevant systems over a much wider
range of conditions and fluid systems.
The extent in which interfacial tension determines non-wetting fluid trap-
ping in porous media directly links to reservoir processes; well within the
scope of the present project. The distribution of a non-wetting phase (n-
decane) in a custom made glass porous core, by displacement of a wetting
aqueous phase, was studied using a µ-CT scanner during a two-month sec-
ondment at Shell International Exploration and Production B.V.
1.6. Thesis Outline
This thesis commences with a discussion of the broad theoretical background
pertaining to interfacial tension in Chapter 2, followed by a literature review
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of relevant work in Chapter 3. A complete description of the apparatus and
experimental procedures is then given in Chapter 4. The results acquired
during the course of the project are presented, analysed and discussed in
detail in Chapters 5, 6, 7, and 8. The main conclusions of the thesis are sum-
marised in Chapter 9, and further investigations are proposed in Chapter
10.
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2. Theory of Capillarity
2.1. A Broad Overview
Capillarity is the section of science that pertains to phenomena which be-
come more apparent at dimensions of the size range of a hair (capillus, Latin
for hair). More so, when two phases that do not mix are present in such
small dimensions. The interface which maintains the two phases apart, in-
tuitively, should only exist if it can prevent species of the one phase freely
migrating to the other, and vice versa. Much like a balloon, when blown
with a gas, maintains the latter apart from the surrounding environment.
When two phases are immiscible, however, there is no “balloon” there
to keep them separated. The boundary between the two, must, therefore,
differ in composition from both the separated bulk phases, the transition
between which, although abrupt to the eye, is in fact continuous at a molec-
ular level. A representation of the transition between two phases through
M. C. Escher’s artistic perception illustrates the point, as shown in Figure
2.1. Nevertheless, at the interface, molecules are subjected to attractive
forces from both the two bulk phases. Obviously, the net attractive force
acting on molecules of one species is larger in the direction of the bulk phase
whose composition is rich in the same species, otherwise the two phases
would not separate. This net force towards the one side of the two phases,
creates a pressure gradient between the phases, which will be discussed fur-
ther in Section 2.4, and results in an excess energy termed surface energy
(or interfacial tension).
A sphere will assume the minimum possible area per unit volume, a shape
therefore that interfaces tend to obtain due to interfacial tension, as energet-
ically most favourable. This characteristic property of fluid/liquid interfaces
is directly linked to phenomena that can only be observed at small dimen-
sions, thus referred to as capillary phenomena. The effect of the length
scale relates to the ratio between gravitational forces and interfacial forces.
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Figure 2.1.: Representation of the interface between two phases.
M. C. Escher’s “Sky and Water I” © 2011 The M. C. Escher Com-
pany – the Netherlands. All rights reserved. Used by permission.
www.mcescher.com
Perceiving a drop of fluid for example, its surface-to-volume ratio increases
with decreasing drop dimensions, or volume. The same holds for the ratio
between the magnitude of the interfacial tension and its weight. It is thus
on this scale (less than a few mm) that interfacial forces become comparable
to gravitational forces and dominate on the micro-scale.
The smaller the scale the larger the effect of intermolecular interactions,
leading to various interesting phenomena: the rise of liquids in capillaries
such as a straw; the support of objects that would normally sink (water
striders, tree leaves, a metal paperclip even if placed carefully) on the surface
of water; the imbibition/rise of liquids in textiles such as a cloth or an oil-
lamp fuse, and subsequent difficulty of drying the latter off even at high
speeds of centrifugation; the increase in cohesion of wet sand just at the
right liquid saturation, not too dry or too wet, making it easier to walk just
at the face of a beach where the waves merely reach; and many more.
13
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2.2. From Clairaut to Laplace
One of the most studied such phenomenon is the rise of a liquid in a capillary
tube. Clairaut (1713-1765) [26, p.112] is most possibly the first to have
quantified this rise in his book discussing the Earth’s shape in 1743, focusing
on capillary rise phenomena in Chapter 10. Segner (1704-1777) who also
studied capillary phenomena around the same period, focused on sessile
drops as explained by Bikerman in his review of capillarity [27, p.106]. Both
Clairaut and Segner, however, failed to understand capillarity completely.
The first correct description of surface tension seems to be that of Monge
(1746-1818) [27, p.110] who introduced the idea of a uniform tension along
the surface, without however providing a correct mathematical description.
Both Monge and Segner are cited by Young [28] in his essay on the Cohesion
of Fluids in 1804. It is in this publication that Young introduces for the
first time the concept of the double curvature of a surface, directly linking
it to the interfacial tension by stating that [28, p.66]
“it is well known, and it results immediately from the compo-
sition of forces, that where a line is equably distended, the force
that it exerts, in a direction perpendicular to its own, is directly
as its curvature; and the same is true of a surface of simple cur-
vature; but where the curvature is double, each curvature has
its appropriate effect, and the joint force must be as the sum of
the curvatures in any two perpendicular directions.”
The relation between curvature and interfacial tension is explained in
more detail in the next Section 2.3. Young, in this same publication [28,
p.66], appears to be the first to have also defined the contact angle, further
discussed in Section 2.5, observing that
“for each combination of a solid and a fluid, there is an appro-
priate angle of contact between the surfaces of the fluid, exposed
to the air, and to the solid,”
as quantified in Equation 2.10. However, it is Laplace who established
the mathematical relation for the interfacial tension, as shown in Equation
2.7 of Section 2.4, hence mostly referred to as the Laplace or the Young-
Laplace equation. Laplace gathered and extended all the known mathe-
matical physics of the time in his five volume work “Me´chaniques Ce´leste”
14
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(Celestial Mechanics) [29, 30], starting with the first two volumes in 1798
and concluding with the fifth in 1823. It is in the supplement of the 10th
book, of the 4th volume [31] in 1807, where he gives an extensive mathe-
matical analysis of the theory of capillarity, comparing it further with the
experimental knowledge available at that time.
2.3. Curvature and Radius of Curvature
Interfacial tension and curved surfaces are closely linked. For this reason,
a detailed explanation of curvature is essential for understanding interfacial
phenomena. Advances in the mathematical relation between the two have
included the works of Gauss (1830) [32], who essentially unified the earlier
descriptions of capillarity, and of Bashforth and Adams (1883) [33] who
applied numerical integration methods for solving the Laplace equation (see
Equation 2.7) for various forms of drops with complex curvature.
The definition for curvature, given by Euler [34], is the rate of change
of the angle that the tangent line to a curve makes, in a given direction.
In order to express the curvature, a description for the curve itself must
first be given. In the case of simple forms of 2D curves, the function that
describes its shape is given in terms of y = f(x). However, in the case
of more complex curves, such as a circle or 3D surfaces, the describing
function is commonly given in parametric form as f(t) = (x(t), y(t)) for 2D,
f(t) = (x(t), y(t), z(t)) for 3D, etc. The need for such a description comes
from the fact that complicated curves often have more than one value of y
corresponding to the same value of x. By parametrisation this difficulty is
surpassed and the handling of the expression for the curve is much easier.
Since the curve can be given as a function of any possible parameter t, it
is convenient for the expression of the curvature to use the arc length s as
the parameter. For every curve, its arc length s can be approximated by
s =
∫ x2
x1
[
1 +
(
dy
dx
)2]1/2
dx. (2.1)
By introducing y = f(s) and x = g(s), a curve in parametric form h(s) =
(f(s), g(s)), has a curvature k expressed as the rate of turn of the tangent
line with respect to the arc length s, of the form
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k =
dθ
ds
=
√(
d2x
ds2
)2
+
(
d2y
ds2
)2
, (2.2)
where dθ is the change of the angle of the tangent to the curve, at a re-
spective change in arc length ds. The above (also Equation A.12) is derived
in Appendix A: Derivation of the Expression of Curvature, where detailed
steps are provided.
For a circle of radius R tangential to the curve, the differential arc length
element ds can be replaced by the radius of the circle R times the change
in angle dθ. The curvature is then expressed as the reciprocal of the radius
of the circle of the form
k =
dθ
ds
=
dθ
Rdθ
=
1
R
, (2.3)
referred to as the radius of curvature for a two dimensional curve. In the
case of a three dimensional curve, the total curvature is expressed as the
sum of the curvatures of any two, perpendicular to each other, tangential
circles to the curve, whose radii are referred to as the principal radii of
curvature given in the form
k =
1
R1
+
1
R2
, (2.4)
where R1 and R2 are the radii of the two circles. The derivation of the
total curvature results from following the same mathematical expressions
given in Appendix A: Derivation of the Expression of Curvature but for a
parametric form of a curve given as f(s) = (x(s), y(s), z(s)). Due to the
lengthy and complex algebra involved, no attempt was made in this thesis
to derive the total curvature for higher dimensions.
The advantage of using s as the parameter instead of x is significant. Had
the latter been considered as the parameter instead of s, then the expression
for the curvature would change to
k =
d2y/dx2
[1 + (dy/dx)2]3/2
, (2.5)
with a general expression for any parameter t taking the form
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κ =
y(t)′′x(t)′ − x(t)′′y(t)′
[(x(t)′)2 + (y(t)′)2]3/2
. (2.6)
The above (also Equation A.18), along with a detailed explanation of how
these relations are derived, is given in Appendix A: Derivation of the Ex-
pression of Curvature.
2.4. Interfacial Tension and Curvature
A fluid resting in equilibrium will normally form a distinguishable layer
at the interface with its environment, which differs in properties from the
bulk phase of the fluid. This can be readily understood by comparing the
composition of the forces acting on the fluid’s molecules at the interface,
and in the bulk volume. If a molecule is surrounded by the same molecules
(bulk phase), it is subjected to evenly distributed intermolecular interac-
tions; hence it can move freely without work being done. Molecules at the
interface though are subjected to unequal attractions, resulting in a net force
pulling toward the fluid’s bulk body. This effect can either be described as
surface tension or as energy potential (surface energy) [35].
In the first case, surface tension is defined by the Laplace (or Young-
Laplace) Equation (as shown in Equation 2.7 below), while in thermody-
namic terms it is expressed by Equation 2.8. In order to deduce the Laplace
equation [36, p.2], a surface element is considered as shown in Figure 2.2.
The surface is double curved with principal (at perpendicular directions)
radii of curvature R1 and R2 separating two regions of pressures p1 and p2.
It can further be assumed that the surface area is equal to A = R1R2δαδβ,
where δα and δβ correspond to differential angles (see Figure 2.2). Should
an increase in pressure ∆p in any one of the two regions result to an in-
finitesimal displacement of the surface along its normals by δR, it is safe
to assume that the change in curvature in both directions is also δR. The
work done by the pressure force is then WFp = ∆pAδR. This work must
result to a change in the surface energy. Hence, if the change in area is
δA = (R1 + δR)(R2 + δR)δαδβ − R1R2δαδβ and if γ is the surface energy
per unit area, then the surface energy change must be EδA = γδA. Equating
the increase in energy EδA with the work WFp done, the Laplace Equation
is obtained as
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Figure 2.2.: Fluid-liquid interface showing principal radii of curvature and
pressure difference [36, 37].
γδA = ∆pAδR⇒
⇒ γ
(
((((
(R1R2δαδβ + (R1 +R2)
δαδβδR−(((((R1R2δαδβ +
:0
δαδβδRδR
)
=
= ∆pR1R2
δαδβδR⇒
⇒ ∆p = γ
(
1
R1
+
1
R2
)
, (2.7)
where γ is the interfacial tension or surface energy per unit area (N m−1),
R1 and R2 are the principal radii of curvature (m) and ∆p the pressure
difference across the interface (Pa ≡ N m−2).
In thermodynamic terms the equation for the internal energy of the sur-
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face UA can be derived considering the potential ways in which it can
change. By analogy with the bulk phase, mass and heat transfer in and
out of the interface are considered with reference to the total area A instead
of the total volume [35]. Hence, if the work done in generating an interfacial
area increment is γdA the fundamental equation for the total surface energy
is expressed as
dUA = TdSA + γdA+
r∑
i=1
µidM
A
i , (2.8)
where UA is the internal energy of the interface A; T and dSA are the
temperature and respective entropy change, with TdSA representing the
energy change due to heat transfer; µi and dM
A
i are the chemical potential
and the mass change for each compound, with
∑r
i=1 µidM
A
i the energy
change due to mass transfer; and γdA represents the work required for
changing the interfacial area by an area dA. The interfacial tension is then
defined as
γ =
(
∂UA
∂A
)
SA,{MAi }
, (2.9)
which is the two dimensional equivalent of the pressure p = ∂U/∂V .
2.5. Contact Angle and Wettability
Whenever a liquid comes in contact with a solid surface (substrate) such
as a flat surface or a capillary tube, the liquid/fluid interface will form
a characteristic angle of contact with the solid surface. For a given solid-
liquid-fluid system this is a characteristic measure, which is as a direct result
of the tensions of the three interfaces acting on the three-phase contact point
(The three phases in the three-dimensional space meet in a contact line).
Taking for example an H2O-oil-substrate system as shown in Figure 2.3,
from direct composition of the forces acting on the three phase intercept,
all being tangential to their respective interface and summing to zero at
equilibrium, a relation is obtained of the form
γoil/substrate = γH2O/substrate + γH2O/oil cos θ, (2.10)
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Figure 2.3.: Three phase, oil-H2O-substrate contact point force distribution.
where γH2O/substrate is the surface energy of the substrate surface in con-
tact with H2O, γoil/substrate is the surface energy of the substrate surface
in contact with the oil, γH2O/oil is the interfacial tension between the two
fluids and θ is the angle of contact between the fluid/fluid interface and the
substrate.
When θ < pi/2 the substrate is said to be wetted by the H2O phase while
if θ > pi/2 oil is the wetting fluid. If
∣∣γoil/substrate − γH2O/substrate∣∣ > γH2O/oil,
then no equilibrium angle exists, as a direct consequence of Equation 2.10
and one fluid completely spreads over the substrate surface. In more general
terms, Equation 2.10 is Young’s equation given in the form
γsv = γsl + γlv cos θe, (2.11)
where γsv is the solid/vapour (or solid/fluid) surface energy, γsl the solid/liquid
surface energy, γlv the liquid/vapour (or liquid/fluid) interfacial tension and
θe the equilibrium contact angle formed by the three interfaces.
This however, is a macroscopic observation as at the molecular level the
interfaces extend over a zone of gradual but steep density distribution rather
than in definite lines that would meet in a specific point [25, 38]. Moreover, if
a drop of liquid resting on a solid surface were to increase in mass by further
liquid addition, this would result in a gradual increase of the contact angle
up to a certain point. Conversely if the mass of the liquid were to gradually
decrease the contact angle would reach a minimum. These are referred to
as advancing θa and receding θr contact angles and are a direct consequence
of the fact that real solid surfaces are not smooth or homogeneous. Hence,
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Young’s equation (Equation 2.11), describes a system which is resting at
equilibrium and as such it produces a value for the contact angle θe which
is theoretical [38, p.111].
On the other hand, the Laplace Equation 2.7 (commonly referred to as
the Young-Laplace Equation) describes the shape of the interface away from
the three phase contact line. It can therefore be used as a direct relation
to determine the interfacial tension from an interface profile or vice versa
and is the basis of the pendant drop method used in this work (see Section
2.8.2). It is important here to note that the apparent contact angle of
an interface that meets a substrate can be used as a boundary condition
for the solution of the Laplace Equation leading to the determination of
the interfacial tension from the overall shape of a drop, as in this work.
This however does not mean that the determined angle should represent
the equilibrium contact angle, nor that it affects the value of the calculated
interfacial tension derived from shape analysis of the entire drop profile.
2.6. Capillary Rise: Curvature and Contact Angle
The rise of fluids in capillary tubes is the most common phenomenon per-
taining to interfacial tension. In order to approach it, a combination of both
Young’s Equation, described in Section 2.5, and Laplace’s Equation intro-
duced in Section 2.4, is necessary. This is because two effects arising from
interfacial forces compliment each other when a capillary tube is introduced
vertically on a liquid/fluid interface.
The first effect is the formation of a meniscus when a liquid (in contact
with another fluid - a gas or another immiscible liquid) meets a solid sur-
face. The (H2O + air + glass) system, for example, results in an upward,
rise of the (H2O + air) interface forming a concave meniscus, while for the
(Hg + air + glass) system, a downward curve (convex meniscus) is formed.
This is a direct effect of Young’s Equation, and depends entirely on the sur-
face energy of the solid surface (glass in this case) and the interfacial tension
of the two fluids, as illustrated in Figure 2.3 of Section 2.5. However, when
the solid surface is also curved, the meniscus formed along the length of
the surface may interfere with itself, especially when the size of the curve is
comparable to that of the meniscus.
In the case of a tube of capillary radius r, as illustrated in Figure 2.4, the
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Figure 2.4.: Example of two cases of capillary rise for different fluids, demon-
strating the combined effect of contact angle (Young’s Equation) and cur-
vature (Laplace’s Equation) on the elevation of a fluid in a capillary tube.
rise (or descent) of the meniscus along its inner circumference, results in an
axisymmetric curved liquid/fluid interface. This very curvature, according
to the Laplace Equation given by Equation 2.7 in Section 2.4, must result in
a pressure difference across the interface. It is this pressure difference, and
not the contact angle, that causes the rise (or descent) of a fluid translating
upward (or downward) inside a capillary tube [39, p.11]. The contact angle
is certainly affecting the final result, yet it is not the driving force for the
displacement of a liquid/fluid interface inside a capillary tube; rather the
induced pressure gradient is what causes the fluid to move.
This can be quantified as an example for the two cases given in Figure
2.4. For the one shown on the left-hand side, the contact angle between the
liquid/fluid interface and the capillary tube is θ, while for the right-hand side
case the contact angle is zero (the tube is completely wetted by the liquid).
Since the meniscus formed is axisymmetric, its curvature is the same in all
directions. The principal radii of curvature (R1 and R2 of Equation 2.7), for
each case, are then both equal to the radius R of the corresponding circle
shown with a dashed line. The resulting pressure difference is therefore
given as
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∆p =
2γ
R
, (2.12)
where R corresponds to the radius of the circle in dashed line for each of
the two cases. For the one on the left-hand side, the presence of a contact
angle results in a curved interface which has a radius of curvature that can
be expresses as a function of the contact angle θ itself. The relation between
the two is
R = r (cos θ)−1, (2.13)
which directly results from the geometry associated with the contact point
of the interfaces, as shown in Figure 2.4. For the case on the right-hand side,
however, the lack of contact angle results in a radius of curvature which is
equal to the radius r of the capillary tube (maximum possible curvature for
a particular tube radius), which is in line with the general case of Equation
2.13, where cos(0) = 1. The pressure gradient created due to the curved
meniscus is therefore given (using Equations 2.12 and 2.13), in general form
as
∆p =
2γ cos θ
r
, (2.14)
where θ is the contact angle between the two fluids and the substrate.
The pressure just above the interface between the two fluids is equal to
the ambient, both inside and outside the open capillary tube. The pres-
sure difference created by the curved interface must, therefore, only exist
if the pressure in the liquid just below the meniscus inside the capillary
tube becomes lower than the ambient pressure. As the entire bulk of the
liquid away from the capillary tube shares a larger ambient pressure, it im-
mediately results in the meniscus being forced upwards, until a height h is
reached. The column of liquid created exerts a downward pressure equal to
∆ρgh, which at equilibrium must be equal to the pressure gradient induced
by the meniscus. The capillary rise is therefore given, in general form, as
h =
2γ cos θ
r∆ρg
, (2.15)
where ∆ρ is the density difference between the liquid and the fluid. For the
cases shown in Figure 2.4, assuming a negligible density for the fluid phase
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(air), the elevations of the liquids are given, for the left-hand side case by
h1 =
2γ cos θ
rρ1g
, (2.16)
and for the right-hand side by
h2 =
2γ
rρ2g
. (2.17)
It is immediately apparent that if the contact angle is zero, for the same
liquid/fluid system, the elevation (or descent) of the liquid in the capillary
must be largest, and for smaller dimensions of capillary tubes this effect is
further pronounced [40].
An important point to note is that the fluid rising in a capillary tube does
not exert an excess pressure on its container as its height increases. The
pressure at the original height of the liquid/fluid interface always remains
ambient, same as outside, and at the meniscus inside, the walls of the cap-
illary tube. Along the liquid inside the capillary tube the pressure is always
lower than ambient, by ∆ρgh, hence the rise. This means that for the case
of a capillary tube and a liquid/fluid combination whereby the pressure dif-
ference created by the formed meniscus is larger than the ambient pressure
(approximately r < 10−6 m), the interface must rise up until it reaches the
outlet of the capillary tube, where the curvature will change until the pres-
sure difference becomes in magnitude less or equal to the ambient pressure
(otherwise the pressure just below the meniscus would obtain a negative
value). A liquid, therefore, will not perpetually flow, but indeed, it will fill
such a capillary tube, irrespective of its height. Tall trees can thus extract
fluids from the ground without implementing a pumping system.
2.7. Capillary Pressure and Relative Permeability
The capillary rise of a liquid in a narrow tube shares the very same principles
that relate to capillary pressure, a most basic property of multiphase flows
in reservoirs [16, p.48]. If Equation 2.15 is re-arranged with respect to the
pressure ∆p = ∆ρgh created by the liquid rise, as
∆p =
2γ cos θ
r
≡ Pc, (2.18)
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the expression for the capillary pressure, Pc, is obtained. The latter is
the pressure required to balance the pressure gradient created by a curved
interface as a direct effect of the interfacial tension of the two fluids and
their contact angle with the solid substrate.
In the case of a vertical open capillary, the pressure created by the curved
interface results to an elevation of the liquid against gravity. In reservoir
(horizontal) displacements, the opposite effect takes place. A pressure differ-
ence is introduced, aiming at displacing fluids against the pressure induced
by formation of such curved interfaces. Should a higher pressure than the
capillary pressure be applied, the interface would be displaced until a dif-
ferent spatial distribution would allow for a more curved (smaller radius
of curvature) interface to form, or a single flow condition is achieved (for
a capillary pressure to exist a liquid/fluid interface must be present). The
numerator in Equation 2.18 for an (aqueous + hydrocarbon) system, assum-
ing a strongly wet (or non-wet) substrate yielding a small (or high) contact
angle, would usually be of the order of magnitude 10−1 N m−1. Such a
capillary pressure can therefore range up to 105 Pa (or 1 bar), for displac-
ing an interface across a 2 µm wide (r = 10−6 m) capillary channel. The
capillary pressure is generally proportional to the interfacial tension and
inversely proportional to the width of the capillary channel (see Equation
2.18). Reducing, therefore, the interfacial tension between two immisci-
ble fluids, decreases the capillary pressure and facilitates their flow through
porous media, an important aspect of two-phase flows in reservoir processes.
The effect of the combined flow of two immiscible fluids through porous
media is quantified by an empirical proportionality constant, the relative
permeability, kr. It is a solid/fluid characteristic pertaining to such pro-
cesses, relating the absolute permeability, k, a characteristic of a porous
medium in transmitting single-phases, with the saturation, S, between the
two phases. For single-phase flows, the pressure gradient applied to the
reservoir results in flow restricted by viscous forces, rather than capillary
forces, which is related to the achieved flow rate, Q, and the permeability
of a medium by Darcy’s Law [16, p.23]. This is given as
Q =
kA
µL
∆p, (2.19)
where A is the cross-sectional area perpendicular to the flow, L is the length
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Figure 2.5.: Relative permeabilities as a function of water saturation Swater
for a water-wet porous medium. Adapted from Larry Lake [16, p.60].
over which a pressure difference is applied and µ is the viscosity of the
displaced fluid.
For two-phase flows, however, the immiscible fluids additionally restrict
each other in flowing through connected capillaries, which become “nar-
rower” for either of the two fluids as the other must occupy part of the
available space. The term of relative permeability is, therefore, introduced
for describing such constricted flows. This takes values between 0 and 1,
being a ratio of the two-phase permeability to that for single-phase flow,
and is a function of the saturation of the two phases. Figure 2.5 shows
the expected change in relative permeability with varying saturation of a
particular fluid, for two-phase (water + oil) displacement through a water-
wet porous medium. When, for example, water is injected into a water-wet
porous medium at a low water saturation (left-hand side of Figure 2.5), the
relative permeability of water, kr,water, has a low value, indicating that the
oil in-place (high oil saturation) restricts the flow of water through the more
narrow flow-paths. The relative permeability of oil, kr,oil, on the other hand
has a high value, indicating that oil may flow through the high oil-saturated
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porous medium more easily. As more water is introduced into the system
the water saturation increases, and so the porous medium becomes more
permeable to water and less to oil, as shown for the relative permeabilities
of each phase in Figure 2.5.
The relative permeabilities ultimately reach the endpoint values, kor,water
at the residual oil saturation and kor,oil at the irreducible water saturation.
The residual oil saturation, Soil,r, is the amount of oil (non-wetting fluid)
that ultimately remains in a porous medium after displacement with water
(wetting fluid) has taken place. It is a direct effect of the tendency of the
non-wetting phase to rest in large pores and resist being elongated (main-
taining a minimum surface-to-volume ratio) through narrow pore throats,
due to the interfacial tension of the two fluids. The irreducible water satu-
ration, Swater,r, is the amount of water that remains in a water-wet porous
medium, after displacement has taken place. This is as a result of the fact
that water indeed wets the particular medium, reaching the narrowest parts
of the porous structure, to which a non-wetting phase cannot reach. The
fact that kor,water has a smaller value than that of k
o
r,oil indicates the very
nature of the particular porous material being preferentially wetted by wa-
ter. The difference between the two endpoints is, in fact, a usual measure
for the wettability of a rock sample [16, p.60]. The fact that the wetting
fluid’s endpoint relative permeability is lower than that of the non-wetting
fluid’s can be explained considering the two extremes. A high saturation
of the non-wetting phase will result in the large sections of the porous net-
work being occupied by the non-wetting phase which will create phases
interconnected along several pores and avoid reaching narrower parts. In
contrast to that, a high wetting phase saturation will result to an opposite
phase distribution, where the wetting fluid will be mostly in contact with
the solid surface of even the narrowest parts of the porous network, leaving
the non-wetting phase in the larger sections of the pores. The flow of the
non-wetting phase through a core at the former condition must, therefore,
be less restricted than that of the wetting phase through a core in the latter
condition, simply by considering the spatial distribution of the phases.
These effects strongly relate to interfacial forces. Relations between the
interfacial tension, and the saturation and/or distribution of phases have
only been identified through empirical correlations, indicating the poten-
tial for the development of reservoir models based on physical principles.
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Figure 2.6.: Residual saturation as a function of capillary number for a
water-wet porous medium. Adapted from Larry Lake [16, p.70].
A relationship between interfacial tension and residual saturation (the end-
points of Figure 2.5) in a porous medium can be obtained using the capillary
number, which is defined as
Ca =
µV
γ
, (2.20)
were µ is the viscosity of the injected fluid, γ is the interfacial tension
between the two fluids and V is the effective flow speed of the injected fluid.
It is essentially a ratio between the viscous and interfacial forces acting
on the fluids being displaced. The expected dependence of the non-wetting
phase residual saturation (or wetting phase irreducible saturation) upon the
capillary number is illustrated in Figure 2.6. The residual oil saturation in
a water-wet medium is generally independent of the capillary number at
Ca < 10−5 and may be reduced to very low values at Ca > 10−2. Equally,
the irreducible water saturation becomes a function of the capillary number
at Ca > 10−3. The capillary number can be changed by modifying the
interfacial tension between the two fluids, and/or the flow rate (by adjusting
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the pressure gradient) of the displacing fluid and its viscosity.
Interfacial forces, therefore, underlie most relevant reservoir flow pro-
cesses, their magnitude being an important input for the design and op-
eration of these processes. Measurements and further well-validated models
providing such inputs for representative fluids at reservoir conditions (high
pressure and temperature) are thus necessary for achieving the grand chal-
lenge (Imperial College London – Shell Grand Challenge) of producing clean
fossil fuels. This work seeks to address part of this major issue, particularly
for processes involving the flow of CO2 in displacing natural reservoir fluids
with synchronous carbon trapping into underground formations.
2.8. Measuring Interfacial Tension
A number of methods for measuring the interfacial tension of two fluids
are available [41]. At ambient conditions, direct measuring methods in-
clude those that use a force sensing apparatus to measure the tension of an
interface directly. These methods are suitable for ambient conditions exper-
imentation; however for implementation in a high pressure apparatus they
lack robustness and simplicity. A series of ambient conditions measurements
were performed during the course of the present work using such methods,
as described in Section 2.8.1. The two main methods suitable for elevated
pressures are the pendant drop method, using either selected plane (SP) [42]
or drop shape analysis (DSA) [43], and the capillary rise method [44]. The
latter seems to have been used more in the past, while recent studies tend to
use the DSA method more, which does not include boundary contact angle
considerations for the calculation of the interfacial tension. Further details
on the shape analysis of pendant drops (mostly applied in this work) are
given in Section 2.8.2.
2.8.1. Wilhelmy Plate and du Nou¨y Ring Methods
Two approaches for direct measurement of the interfacial tension are the
Wilhelmy plate and the du Nou¨y ring methods [41]. A thin, rectangular
vertical platinum plate is used in the Wilhelmy technique whereas the du
Nou¨y method employs a horizontal circular platinum-iridium alloy ring of
small cross-section.
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Figure 2.7.: The Wilhelmy plate method representation. Adapted from the
Kru¨ss manual of operation for the K100-MK1 tensiometer.
In the first case, the plate is brought into contact with the interface
between the fluid and liquid and then pulled upwards. The force (F) acting
on the plate by the liquid meniscus formed, as shown in Figure 2.7, is
measured by a micro-balance, which the plate is suspended from. The force
applied on the plate is a direct result of the interfacial tension acting on it.
Taking into account the angle at which the meniscus meets the plate and the
circumference of the contact line, the equation giving the interfacial tension
takes the form
γ =
F
L cos θ
, (2.21)
where F is the force acting on the plate, L the perimeter of the three phase
contact line and θ the angle formed between the meniscus and the plate
(θ = 0). Adsorption of organic compounds from the laboratory environment
or test solutions can be a major source of experimental error when measuring
surface tensions using the Wilhelmy plate method. For this reason the plate
is placed under pure flame (Bunsen burner) until the platinum becomes red,
thus removing any adsorbed impurities and ensuring θ = 0 (cos θ = 1).
In the case of the ring method, the meniscus formed extends both outward
and inward with respect to the ring’s diameter, depending on its distance
from the interface. The maximum force applied by the meniscus on the
ring, as shown in Figure 2.8, corresponds to a position of the ring where the
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Figure 2.8.: The du Nou¨y ring method representation. Adapted from the
Kru¨ss manual of operation for the K100-MK1 tensiometer.
meniscus comes in contact with the ring with a vertical direction.
When the ring moves further away from the interface, or goes closer, the
meniscus meets the ring at a particular angle. This results in the vertical
component of the interfacial tension acting on the ring being smaller than
when the meniscus completely vertical. Thus, during measurement, the ring
is moved steadily back and forth, and the interfacial tension is given as
γ =
F − FV
L cos θ
, (2.22)
where F is the force acting on the ring, FV the force acting due to the weight
of the meniscus, L the wetted length and θ the angle formed between the
meniscus and the ring’s plane. When the force is at a maximum, Fmax, the
contact angle is 0◦ (vertical meniscus), thus cos θ = 1, hence the contact
angle does not influence the measurement. However, the curved meniscus
inside the ring is slightly different than that outside the ring. This gives rise
to a correction factor which must be included in the determination of the
interfacial tension with the du Nou¨y Ring method. Such corrections, de-
pending on the range of interfacial tensions measured, are given by Harkins
and Jordan [45], Zuidema and Waters [46], and Huh and Mason [47]. More-
over, the densities of the two phases need to be known, in order to calculate
the meniscus’ weight. This is an additional advantage of the Wilhelmy Plate
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method, where the plate is calibrated into the dense phase during the mea-
surement and so the knowledge of the densities of the two phases is not
required.
2.8.2. Pendant Drop Method
A most common approach, suitable for measuring interfacial tension at high
pressure high temperature conditions, is the implementation of drop shape
analysis (DSA) methods. The determination of interfacial tension from drop
shape analysis is described extensively by Song et al. [43, 48]. However a
concise explanation of the theoretical background for the derivation of the
working equation is given in this section.
A drop of the one fluid phase is created within the second fluid by means of
a capillary tube to which the drop remains attached. A drop of the heavier
fluid phase, created into the lighter phase is called a “pendant drop” while
the reverse would produce a “standing drop”. The relation between the
drop’s profile shape and the interfacial tension is directly related to the
Laplace equation, described in Section 2.4. A representation of a pendant
drop is shown in Figure 2.9 where principal radii of curvature are shown
for any point P of the drop’s profile. A clear geometric representation is
essential for the understanding of the describing equations, which is given in
this Section. It should be noted that no previous reference has been found
to give such a comprehensive visualisation (also appears in ref [49]).
Since the drop is axisymmetric, its shape should be independent of the
azimuthal position from which it is being referenced. The curvature however
is different at each point of the drop’s contour because of the acceleration
due to gravity and the buoyancy forces acting on it. At any given point P
of a pendant drop’s surface, the pressure difference is smaller than at its
apex because of the hydrostatic pressure. This is expressed as
∆papex −∆pp = z∆ρg, (2.23)
where ∆ρ is the density difference of the two phases and g the acceleration
due to gravity.
At the same time the Young-Laplace equation must be true for any point
along the drop’s profile, hence the expressions for the pressure difference is
given at any point P as
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Figure 3: Pendant drop representation showing the three axes X, Y and Z, with φ the angle between
the tangent at any point P of the drop’s profile and the horizontal axis, s the respective arc length
from the apex of the drop to the point P, z the height of point P from the horizontal axis, x the
distance of point P from the vertical axis andCapex andC2P the circles of curvature at the apex and
at point P respectively. The curvature at the apex is the same at every direction due to symmetry
while at point P is not. Thus the total curvature at the apex is 2kapex while at point P is k1P+ k2P =
dφ/ds+ sinφ/x.
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x (sin θ)−1
Figure 2.9.: Geometric representation of a pendant drop showing X, Y and
Z as the origin axes, θ the angle between the tangent at any point P along
the profile of the drop and the horizontal axis, s the respective arc length
from the apex of the drop to point P, z the height of point P from the
horizontal axis, x the distance of point P from the vertical axis and Capex,
C2P the circles of curvature at the apex and at point P, respectively. The
curvature at the apex is the same in every direction due to symmetry while
at point P is not. The total curvature at the apex is therefore 2kapex while
at point P the total curvature can be written as k1P +k2P = dθ/ds+sin θ/x.
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∆pp = γ(k1p + k2p), (2.24)
and at the apex of the drop as
∆papex = γ(k1apex + k2apex). (2.25)
Since the drop is symmetrical about the Z axis, the curvature at the
apex is the same in all directions. Thus k1apex = k2apex = kapex. However
at any point P of the drop’s profile the curvature differs with direction.
Therefore, the total curvature must be equal to the sum of the curvatures
at any two perpendicular directions. Equation 2.26 gives the curvature at
point P calculated in a direction parallel to the Z-X plane while Equation
2.27 gives the curvature at a direction perpendicular to the latter. The two
corresponding osculating circles (an osculating circle at a given point of a
curve shares the same tangent and the same curvature as the curve does, at
the same point) are shown in Figure 2.9 and are annotated as C1 and C2,
respectively. The curvature k1 of the circle C1 is expressed as a differential,
while the curvature k2 of the circle C2 is expressed as a function of the
distance x of point P from the Z axis and of the angle θ at which the
tangent meets the X axis. Both are valid expressions, given in the form
k1p =
dθ
ds
(2.26)
and
k2p =
sin θ
x
, (2.27)
respectively. By combining Equations 2.23 – 2.27, the relation which de-
scribes [43] the profile of a pendant drop becomes
dθ
ds
= 2kapex −
(
z∆ρg
γ
)
−
(
sin θ
x
)
, (2.28)
where θ is the angle between the tangent at any point P of the drop’s profile
and the horizontal axis, s the respective arc length from the apex of the drop
to the point P, kapex the curvature at the drop’s apex, z the height of point
P from the horizontal axis, x the distance of point P from the vertical axis,
∆ρ the density difference between the two phases and g = 9.81 m s−2 the
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local gravitational acceleration.
This relation is normalised as shown in Equation 2.31, by introducing the
parameters α (capillary constant) with dimensions of length and B (drop
form parameter) as the dimensionless drop form parameter, defined as
α =
√
γ
∆ρg
(2.29)
and
B =
1
αkapex
, (2.30)
respectively. Equation 2.28 then becomes
dθ
ds
=
1
α
(
2kapex
1/α
)
− 1
α
(
z√
γ/∆ρg
)
− 1
α
(
sin θ
x/α
)
⇒
⇒ dθ
ds/α
=
2
B
− z
α
−
(
sin θ
x/α
)
. (2.31)
By introducing the following reduced variables:
X =
x
α
, Z =
z
α
, S =
s
α
, (2.32)
Equation 2.31 can be written as
dθ
dS
=
2
B
− Z − sin θ
X
. (2.33)
For the reduced variables, the following relations hold, as for the original
variables:
dX
dS
= cos θ (2.34)
and
dZ
dS
= sin θ. (2.35)
The dimensionless Equation 2.33 can be solved with standard numerical
methods under the following boundary conditions which hold for the apex
of the drop.
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Boundary condition I:
X = Z = S = θ = 0, (2.36)
which expresses the beginning of the axes, and
Boundary condition II:
dθ
dS
=
sin θ
X
=
1
B
, (2.37)
which expresses that the curvature of the drop at the apex is the same in
any direction due to its axis-symmetry.
Finally by multiplication of the dimensionless variables with the capillary
constant, α, the dimensional profile of the drop is extracted. From the
knowledge of the drop’s profile, the parameters α and B are derived (the
parameter B should be larger than 0.5 for optimum results [43, p.74]),
hence by definition (see Equations 2.29 and 2.30) the interfacial tension can
be calculated if the acceleration due to gravity and the density difference of
the two phases are known.
By rearranging the terms in the expression of B, its relation with the
interfacial tension and the density difference of the two phases becomes
γ =
∆ρg
(Bkapex)2
. (2.38)
This shows the linear relation between the interfacial tension of two fluids
and their density difference.
The use of this theoretical background was applied to actual captured
images of drops whose profiles were analysed for the calculation of the in-
terfacial tension. This step needs to be exact and rapid. In the present
work, a commercially available package, Kru¨ss DSA V1.90.0.14, was used
to carry out these calculations, which implements a “robust shape compar-
ison method”. Further details on the drop shape analysis (DSA) system
used are given in Section 4.1.4.
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2.9. Modelling Interfacial Tension
SAFT-VR is one of the variants of the original statistical associating fluid
theory (SAFT) [50, 51], based on Wertheim’s first order perturbation theory
for associating systems [52–55]. In any SAFT-type equation of state, the
Helmholtz free energy is made up of a sum of terms that contribute to the
thermodynamic properties of the system and is firmly grounded in statistical
mechanics. Comprehensive reviews for more information about the general
SAFT approach and its capabilities are [56–59].
Any interfacial treatment applied to the calculation of mixtures needs to
be coupled to an equation of state, that accurately calculates the properties
of the bulk fluid phases, a necessary prerequisite for the evaluation of the
interface. For this purpose, the statistical associating fluid theory (SAFT)
can be used, which coupled to the density functional theory (DFT) lead to
the determination of the tension at the interface of two bulk phases. A broad
overview of the original SAFT and subsequent versions can be found in the
reviews by Muller and Gubbins [60], and Economou [61]; a brief description
of the core principles of the model will be given in this section.
In SAFT [62–64] compounds are modelled by spherical segments of di-
ameter σii; building blocks interacting through pair-wise repulsive, disper-
sive (i.e., attractive), and associating interactions. The model allows for
chains of mi segments, attached tangentially to each other, representing the
molecules of the compound in question. The segment-segment interactions
are described by a fixed thermodynamic potential (Lennard Jones, Square-
Well, Yukawa, etc.). In the present work, these interactions are calculated
by using a potential of variable range, included in the SAFT-VR [65, 66]
equation of state. The square-well potential has the form
φij(rij) =

∞ rij ≤ σij
−εij σij < rij ≤ λijσij
0 rij > λijσij
, (2.39)
where rij denotes the distance between the centres of two segments i and j,
σij defines the distance at contact, and λijσij denotes the range (variable)
of the dispersive interaction of depth −εij between the segment pair. This
means that, if two segments are found at distance λijσij or less, they attract
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each other with an energy of −εij , and if they come into contact at distance
σij , they repel each other with infinite energy. At distances greater than
λijσij the segments do not interact.
Apart of the segment-segment interactions, association sites placed within
segments that can interact with each other, are also allowed. These sites
are of spherical geometry as well, and are usually placed at a distance r
(i)
d =
0.25σii from the centre of a segment. The association contributions are
modelled by considering site-site interactions, only through dispersive forces.
The square-well interaction of range r
(ij)
c for a site A on one segment with
a site B on another segment is
φijAB(r
(ij)
AB ) =
−ε
(ij)
AB r
(ij)
AB < r
(ij)
c
0 r
(ij)
AB > r
(ij)
c
, (2.40)
where r
(ij)
AB is the distance between the centres of the two associating sites A
and B, placed in two segments, i and j, respectively. In spite of its simplicity,
this model includes all of the relevant features found in associating chain
molecules: repulsive, attractive, and associating interactions.
Bearing in mind limitations such that if the potential range of the site is
less than r
(ij)
c = 0.5σii then there can be no site-site interaction as the en-
tire site potential would reside within the segment contact radius, by fitting
these parameters so as to describe well-known thermodynamic properties of
pure substances, predictions over a wide range of conditions for single and
multicomponent systems (following mixing rules) are possible. Moreover,
though the SAFT-VR formalism involves fluids of molecules formed from
square-well segments, the approach is generic and can be implemented for
any thermodynamic potential accounting for the segment-segment interac-
tions such as the Lennard-Jones [67], Yukawa [68] and Mie [69] potentials.
Nonetheless, the SAFT-VR equation of state has been shown to provide a
good description of the bulk fluid phases of a wide range of systems. The ap-
proach has already been used to accurately represent both the vapour-liquid
and liquid-liquid phase equilibria of mixtures comprising alkanes, water, and
carbon dioxide [70–95], which are the main focus of the present project.
Numerous studies have focused on the use of different techniques for de-
scribing interfacial properties. An extensive literature review by Llovell
et al. [96] describes the differing methodologies and applications to inhomo-
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Figure 2.10.: The vapour-liquid density profile as a function of the distance
from the interface z∗ = z/σ from Gloor et al. [25]. The results obtained
from direct Monte Carlo simulation of the inhomogeneous system are de-
noted as squares. Predictions of density functional theories are shown for:
full SAFT-VR-DFT, in continuous curve; mean-field SAFT-VR-MF-DFT,
as dashed curve; and mean-field SAFT-HS-MF-DFT, by dotted curve.
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geneous systems. Among the many methodologies, density gradient theory
(DGT) and density functional theory (DFT) are the most popular and ac-
curate theoretical approaches used for interfacial calculations. DGT is a
theory based on the van der Waals theory for inhomogeneous fluids [97].
Rediscovered by Cahn and Hilliard [98], it presents an expansion of the
Helmholtz free energy density about the step density profile, that is trun-
cated after the second term. The local free-energy density is obtained from
an equation of state. This type of approach has been used to model the
interfacial properties of (n-alkane + CO2) and (H2O + CO2) systems [99–
105]. However, the main limitation of the DGT approach is the need to
introduce the so-called “influence parameter”. The parameter is adjusted
to provide an optimal description of the surface tension data of pure fluids
and it is then transferred to mixtures by using geometrical mixing rules.
One of the most successful predictive approaches for the study of interfacial
phenomena comes from the development of DFT methods that are based
on the construction of a free energy functional from which the properties
of the inhomogeneous system can be calculated. The methods used for the
construction of the DFT, and the different approximations commonly em-
ployed are described in detail in the excellent reviews of Evans [106] and
Davis [107].
In a nutshell, DFT accounts for a transition between the two separated
bulk densities. If a separating interface could be infinitely sharp, with the
transition of the bulk densities of each of the fluids being discontinuous at
the interface, the total number of particles in the system would be N1+N2 =
V1ρ1 + V2ρ2, where Ni are the number of particles at each phase and Vi,
and ρi the respective volumes and densities. However, the density change
cannot be discontinuous in reality and must have a transient form, even if
macroscopically abrupt. The density therefore must become a function of
position with respect to the interface, thus a functional. As shown in Figure
2.10, Monte Carlo molecular simulations demonstrate this transition, which
is also predicted using the same underlying physical principles of SAFT,
but by making the density a function of position. Extending SAFT-VR
to inhomogeneous fluids, with the SAFT-VR-DFT approach [25, 96] can
lead to a good representation of interfacial properties. The code used in
the present work for the calculation of the interfacial tension, based on the
principles described here, was developed by Felipe Blas, Amparo Galindo
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and George Jackson for pure compounds [108], and was further extended
for mixtures by Felix Llovell in collaboration with the previous authors [96].
More details on the theory can be found in Appendix C: SAFT-VR-DFT
Analysis.
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3.1. Introduction
Oil use has been a fundamental factor for the economic revolution and ex-
pansion of the 20th century. However, anthropogenic CO2 emissions caused
by the use of fossil fuels have been identified as major contributors to cli-
mate change. From the mid 19th century with the work of Fourier [109],
Tyndall [110] and Arrhenius [111] to the latest Synthesis Report of the In-
tergovernmental Panel on Climate Change (IPCC) [2], the effect of CO2 on
global warming has been extensively discussed.
At the same time, liquid as well as supercritical CO2 (Tc = 304 K and pc
= 7.38 MPa) can be an alternative solvent since it is harmless, relative to
many solvents in common use. CO2 is non-toxic, non-flammable, chemically
stable, inexpensive and capable of dissolving various substances [112–119].
In the petroleum industry it has provided great potential for oil extraction
purposes. At the same time, sequestration of CO2 in underground forma-
tions is a promising solution for reducing its atmospheric concentration. In
this context, a lot of research has focused on the properties of mixtures of
H2O, brines, CO2, alkanes and various oils. Specific interest has been given
to the interfacial tension of such mixtures since it is a dominant property,
affecting multiphase flow through porous media.
3.2. Interfacial Tension at Elevated p & T
In 1881 Worthington [120] published a method for determining the “bound-
ary tension” of liquid/fluid interfaces by examining static pendant drops.
Although there have been previous researchers such as Guthrie [121], Quincke
[122] and Dupre´ [123] that had focused in the same area, they used the
weight of detaching drops to determine various quantities including surface
tension. Worthington produced stable hanging drops and by shining light
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through a magnifying lens, he projected the drop’s profile onto a white paper
onto the opposite wall. By drawing the profile at various volume and age
stages, he calculated interfacial tensions more accurately than previously
done. For the case of H2O which has a surface tension of 72.7 mN m
−1 at
293 K and 72.0 mN m−1 at 298 K [124, 125], the measurements of Worthing-
ton ranged from (70.5 to 78.5) mN m−1, as opposed to Quincke which ranged
from (78.5 to 87.5) mN m−1.
However Worthington’s method for calculating the interfacial tension was
complicated and not quite accurate [126]. The idea of the method was to
determine the point in the drop’s profile were the curvature changed sign
(point of inflection) and use a horizontal plane at this point as a reference for
calculating the interfacial tension. At this point, the curvature in a parallel
direction to the drop’s profile is infinite (straight line). Therefore the total
curvature must be equal to the curvature in a perpendicular direction to
the drop’s profile. This can be given as a simple function of the drop’s
half width, x, and the angle between the horizontal plane and direction of
the interfacial tension at the inflection point as 1/R = sin θ/x. The sin θ
term cancels out when considering the vertical component of the interfacial
tension acting at this point, which when equated with the weight of the
section of the drop below the plane of inflection, V∆ρg, and the Laplace
pressure, p = 1/R, a general relation for the calculation of the interfacial
tension could be derived, given as γ = V∆ρgR/pix2. If the determined
reference plane was found higher than the actual plane of inflection, that
would produce a larger value for V and a smaller value for x. The problem,
therefore, was that a small error in the detection of the point of inflection
would cause a double error in the calculated surface tension, giving an overall
precision to the method of ±2.0 % [42, p.1006].
Ferguson [127] introduced in 1911 a camera for more accurate profile
determination and also tried to fit parabolic and bi-quadratic equations to
the shape of the drop so as to better approximate the interfacial tension.
It was not however until 1938 that a firm theoretical foundation was set
by Andreas et al. [42] with the introduction of a much simpler method for
computing the interfacial tension from pendant drop profiles. The “selected
plane” method of Andreas et al. used the diameter of the drop at the equator
(maximum diameter), which is easy to detect, as a first reference plane. By
taking an arbitrary plane at a distance from the drop’s apex equal to the
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maximum diameter, a second reference plane was introduced. The ratio of
the drop’s diameter at the second plane, ds, to the maximum diameter, de,
was then defined as the shape ratio, S = ds/de. By combining this with
other dimensionless parameters, Andreas et al., expressed the interfacial
tension as a function of a global parameter, H, which was only a function
of the shape ratio, γ = ∆ρgd2e/H(S). They then calculated this global
parameter for S ranging from 0.700 to 1.000 and provided a table of values
[42, p.1009]. It would therefore be straightforward for any possible drop, by
using its Shape Ratio to compute the interfacial tension, should the density
difference were known. The precision of this method was demonstrated
in this same publication to be ± 0.2 % by measurements on various drop
shapes.
Fordham in 1948 [126] further improved the precision of Andreas’ et al.
method by calculating with numerical integration the values of H for values
of S ranging from 0.660 to 1.000. Using 5th order backward differences, a
further precision to the method of ± 0.01 % close to S = 1 and of ± 0.003 %
close to S = 0.70 was given [126, p.5].
Since Fordham, the most used method for measuring interfacial tensions
at elevated pressures seems to be that of the pendant drop1. Further opti-
misation of the error between the theoretical drop profile and the captured
profile received attention by many authors [36, 43, 129–137], thus provid-
ing faster and more accurate algorithms for determining interfacial tension
values from drop profiles.
These improvements, coupled with the experimental advantages of the
method, have made drop shape analysis (DSA) a commonly used technique
for high pressure and high temperature interfacial tension measurements.
It should also be pointed out that the capillary rise method is also used
for interfacial tension measurements at extreme conditions. In addition a
completely different technique, based on the restoring forces produced by
capillary waves on the fluid surface after interacting with a laser beam,
has also been used to measure the surface tension of mixtures of (carbon
dioxide +n-heptane) and (carbon dioxide + diesel fuel) [138]. The values
1The first investigation on the effect of pressure to the interfacial tension seems to be
that of Lynde in 1906 [128]. Lynde used a high pressure capillary tube apparatus and
measured the interfacial tension over a range of pressures up to 40 MPa for the sys-
tems: (H2O + mercury); (mercury + ether); (H2O + ether); (H2O + chloroform) and
(H2O + carbon bisulfide).
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of the vapour-liquid surface tension of pure n-heptane were found to be in
good agreement with those obtained using the more traditional techniques
based on capillarity. In the following sub-section a literature review of
high pressure high temperature experimental measurements is given for the
systems of interest in this research.
3.2.1. Aqueous and Carbon Dioxide Systems
Several references on interfacial tension measurements for the (H2O + CO2)
system are available (see Table 3.1). A controversy, however, in the deter-
mination of a unique static interfacial tension is apparent when reported
results from different authors are compared.
Tewes et al. [115] have focused extensively on the time dependence of the
system by measuring pendant drops for as long as 100,000 s. Their results
show a significant decrease of interfacial tension over this period which is
attributed by the authors to molecular reorganization at the interface. da
Rocha et al. [139], Chun et al. [140] and Chalbaud et al. [141] also allowed
time for equilibrium by leaving the two phases in contact for “1 h”, “days”
and “1,000 s”, respectively.
On the other hand, Hebach et al. [142], having also noticed that the in-
terfacial tension decreases over extended time periods, link this to “ageing
effects” due to factors other than phase equilibration. They assume that
static interfacial tension can only be measured within the initial plateau
which is reached during the first (10 to 15) min. This is supported to some
extent by Zappe et al. [112] and Koegel et al. [143] who have measured dif-
fusion times of supercritical CO2 in H2O drops, both showing that the time
needed for the equilibrium concentration of CO2 in typical H2O drops, with
an approximate radius of 2 mm, to develop is in the range (200 to 300) s.
Time dependence as well as equilibrium values of interfacial tension are
largely affected by impurities which are inherently present in trace amounts
in any high pressure apparatus. In fact the effect of appropriate surfac-
tants for the (H2O + CO2) system are reported by Park et al.[144], Tewes
et al.[115], Akutsu et al.[118] and da Rocha et al.[139]
Another important factor for the correct determination of interfacial ten-
sion is how the temperature is measured. Hebach et al. [142] showed that
the minimum values observed near the dew point of the CO2-rich phase,
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Figure 3.1.: Interfacial tension literature data of the (H2O + CO2) system
from Chun et al. [140], Hebach et al. [142], and Park et al. [144] as a function
of temperature: 293 K (7); 298 K (@); 303 K (A); 308 K (F); 311 K (D);
318 K (Aﬂ); 326 K (Eﬂ); 333 K (Eﬂ) and 344 K (Cﬂ).
reported by Chun et al. [140] and Park et al. [144], were actually due to a
temperature measurement error.
The determination of the density difference between the two phases is
also approached in various ways, something which has been associated with
disagreement between the data reported by different authors. Chiquet et al.
[145] and Bachu et al. [146] both measured the actual densities of the two
phases by using a vibrating-tube densimeter. Chiquet et al. [145] concluded
that the approximation of using pure compound densities, followed by most
authors, is indeed good for the (H2O + CO2) system. However, at pressures
near that of the density inversion at a temperature of 308 K, where the in-
version pressure is 53.6 MPa, the density difference of the pure compounds,
∆ρ, can be up to 1.7 times smaller than the actual one, as noted by the
same authors. This results in an underestimation of the interfacial tension
by up to 40 %. The measurements of Chiquet et al. were carried out above
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the critical temperature of the system2, and in a pressure range from (5 to
20) MPa. The values reported by Chun et al. [140] and Park et al. [144] at
conditions of liquid CO2 are significantly lower than the values of Chiquet
et al. [145], Massoudi et al. [147] and Hebach et al. [142]. The fact that
Chun et al. [140] and Park et al. [144] used the capillary rise technique in-
stead of the pendant drop method does not seem to be the reason for this as
Massoudi et al. [147] also used the same technique and reported values very
close to Hebach et al. [142] and Chiquet et al. [145], who used the pendant
drop method. Chiquet et al. [145] ascribe this ambiguity to the use of pure
compound densities instead of measured densities of the saturated fluids,
however Hebach et al. [142] used the densities of the pure compounds and
Massoudi et al. [147] even assumed the density of H2O to remain constant,
yet the values of both agree with Chiquet et al. [145]. Table 3.1 summarises
the approaches used by several different authors with respect to these fac-
tors. The results of Chun et al. [140], Hebach et al. [142] and Park et al.
[144] for different isotherms are plotted in Figure 3.1 demonstrating the
range of scatter in the literature for this system.
Yang et al. [152] used the axisymmetric drop shape analysis (ADSA)
method to measure dynamic interfacial tension as well as diffusion coef-
ficients of reservoir brine samples from the Weyburn oil field with CO2 at
pressures up to 6 MPa and ambient temperatures. Yang et al. showed that
the interfacial tension values initially decrease with time, reaching constant
values after approximately 10 min and used these data to calculate the
diffusion coefficient of CO2 in the brine at different pressures. Chalbaud
et al. [153] investigated interfacial tensions (also using the ADSA method)
of brines with different salinities at pressures up to 25 MPa and tempera-
tures up to 373 K. The trend of interfacial tension within the first minutes
of the drop’s creation is of the same time scale as in the measurements of
Yang et al.
3.2.2. Aqueous and Hydrocarbon Systems
Several authors have focused on the interfacial tension of alkane and H2O
systems. The time dependence for these systems is more pronounced as im-
purities tend to migrate to (aqueous + hydrocarbon) interfaces more strongly.
2The critical temperature of the (H2O + CO2) system is 304.75 K, only 0.4 K above the
critical temperature of pure CO2.
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Hence, purification of the n-alkane phases appears to be most important
as the fluid itself can oxidise, or oxidised forms remain during distillation
when producing the compound, which act as surfactant. This is an observa-
tion made by a number of authors and usually purification of the n-alkane
requires the use of a column with activated alumina through which the
fluid is passed several times so that oxidised alkanes (R-O, R-OH, R-OOH)
are adsorbed onto the activated particles [154–159]. In fact, Goebel and
Lunkenheimer [157] and Horozov et al. [154] report the time dependence
of the interfacial tension measured prior and after purification for (aque-
ous + hydrocarbon) systems and show that no time dependence should be
expected for the purified fluids. Table 3.2 summarises the literature values
and purification procedure followed for the (H2O +n-decane) system.
At elevated temperatures and pressures, interfacial tension measurements
are more limited and more prone to effects from the presence of trace
amounts of impurities. Michaels et al. [160] (1951), seem to be one of
the first to have experimentally measured interfacial tensions of alkanes
and H2O at pressures up to 70 MPa and temperatures up to 303 K us-
ing the pendant drop method. Michaels et al. worked with the systems
(H2O + benzene) and (H2O +n-decane). The tables of Andreas et al. were
used to compute and plot the interfacial tension to gravitational force ra-
tio, γ/∆ρg, as a function of temperature and pressure. They then used
the density difference of the pure compounds to calculate the interfacial
tension. It is commented that this assumption should introduce an error
up to 2 % since the actual density difference can be 5 – 10 times smaller.
Another important observation made by Michaels et al., was the effect of
the cleaning process of the equipment on the interfacial tension. By com-
paring the values obtained at ambient pressure with measurements carried
out in a different all-glass equipment they obtained a 2 % lower value for
the (H2O +n-decane) interfacial tension.
In 1956 Harvey et al. [161] measured interfacial tension of the system
(H2O + benzene) at temperatures up to 373 K, and pressures up to 140 MPa.
Harvey et al. used the same method as Michaels et al. but reported higher
interfacial tension values in the range (0.5 to 1.5) mN m−1. This is due to
a determined shape ratio, approximately 5 % higher than that of Michaels
et al., as explained by the authors. Jennings [162] also conducted mea-
surements for the systems (H2O + benzene) and (H2O +n-decane) using
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Figure 3.2.: Literature values of interfacial tension from Wiegand et al. [165]
for the (H2O +n-hexane) system at 298 K (C), 323 K (@), 373 K (F),
423 K (E), and 473 K (A); and of the (H2O +n-decane) system at 295 K
(Cﬂ), 353 K (Fﬂ), 423 K (Eﬂ), and 473 K (Aﬂ).
the pendant drop also, with the selected plane method, at pressures up to
80 MPa and temperatures up to 450 K. Their results were in better agree-
ment with those reported for these systems by Harvey et al., while their
measurements gave higher interfacial tensions than reported by Michaels
et al., attributed by the authors to following better purification and cleaning
procedures. Jennings and Newman [163] also measured interfacial tensions
of the (H2O + methane +n-decane) for the whole range of methane molar
fractions over the same range of conditions.
In 1994 Wiegand et al. [165] measured the interfacial tension of several
alkanes with H2O at high pressures up to 300 MPa and temperatures up
to 473 K. They also used the selected plane method of Andreas et al. and
considered densities of the two phases to be the ones of the pure compounds.
In Figure 3.2 their results of interfacial tension for the (H2O + hexane) and
(H2O +n-decane) are shown.
Susnar et al. [164] investigated the (H2O +n-decane) system at pressures
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up to 36 MPa and at ambient temperature using the ADSA method (Ax-
isymmmetric Drop Shape Analysis) [135]. This appears to be the first time
that the selected plane method of Andreas et al. was not used. Susnar et al.
also stated that the density dependence resulting from the diffusion of one
phase into the other is negligible and, therefore, it was also assumed that the
densities of the two phases were those of the pure compounds. Susnar et al.
[164] focused on determining the effects of minor impurities on the inter-
facial tension, mentioning detailed cleaning procedures for avoiding surface
active agents being present in the system. The conclusion was that it is
unavoidable to be completely sure no impurities exist in the system and,
therefore, the values taken immediately after the drop’s formation should
be more trusted. This is however true only if the two fluids have previously
been saturated with the other component, as was done in their experiments.
The dependence of interfacial tension on pressure for these systems showed
a small linear increase, consistent with previous researchers. The results of
Susnar et al. [164] agree with those of Wiegand et al., while both give values
almost 10 % higher than Michael et al. for the (H2O +n-decane) system.
Cai et al. [166] (1996) studied the interfacial tension of H2O with different
hydrocarbons at 298 K and 323 K over a pressure range up to 30 MPa using
the pendant drop method as well. A graph showing the interfacial tension
of seven (H2O + hydrocarbon) systems as a function of pressure, for these
two temperatures, is shown in Figure 3.3.
Table 3.3.: Coefficients for the interfacial tension of different (H2O +n-
alkane) systems from Cai et al. [166].
H2O +
T = 298 K T = 323 K
a · 103 b a · 103 b
n-hexane 38.83 50.56 39.47 47.84
n-octane 45.44 50.89 39.47 48.14
n-decane 48.36 51.32 44.31 48.86
n-dodecane 54.01 51.84 51.12 49.21
n-tetradecane 54.46 52.18 52.52 49.80
n-hexadecane 54.15 52.67 59.46 50.16
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Figure 3.3.: Interfacial tension literature data of (H2O +n-alkane) systems
from Cai et al. [166], at 298 K (left axis) and 323 K (right axis). The different
alkanes plotted are: n-hexane at 298 K (A), and 323 K (F); n-octane at
298 K (Aﬂ), and 323 K (Fﬂ); n-decane at 298 K (Aﬂ), and 323 K (Fﬂ); n-
dodecane at 298 K (Cﬂ), and 323 K (@ﬂ); n-tetradecane at 298 K (Cﬂ), and
323 K (@ﬂ); and n-hexadecane at 298 K (C), and 323 K (@).
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Cai et al. [166] also investigated (brine +n-alkane) systems using various
concentrations of NaCl, NaCl+CaCl2 and MgCl2. They then correlated the
interfacial tension data, showing that the interfacial tension has a linear
dependence on pressure: γ/ mN m−1 = a (p/ MPa) + b. The parameters for
different (H2O +n-alkane) systems are summarised in Table 3.3.
More recently, Al-Sahhaf et al. [167] (2005) focused on the effect of sur-
factants on the interfacial tension of the (H2O +n-octane) system at pres-
sures up to 31 MPa and at ambient temperatures, using the selected plane
method. They measured the densities of the separate phases at specified
temperatures and then used these for the interfacial tension calculation.
They directly compare their results with those of Cai et al., which they
used as a reference.
Bahramian et al. [168] (2007) measured interfacial tension of the ternary
(H2O +n-decane + methane) and the quaternary (H2O + cyclohexane +n-
decane + methane) system at pressures up to 28 MPa at 423 K using the
pendant drop method. For the phase density determination, they used a
removable high pressure cell of known volume and, by measuring the weight
each time, they were able to derive the density difference, ∆ρ.
Interfacial tensions of (H2O + crude-oil) systems is ultimately what influ-
ences the distribution and movement of fluids in oil reservoirs. The effect
of pressure and temperature for these system is important for oil reservoir
conditions. Bartell and Miller [169, 170] (1932) appear to be the first to have
investigated interfacial tensions of crude oils with brines. The authors de-
veloped and used a capillary tube method [169] for monitoring liquid/liquid
interfaces. The principle of the method was the reverse of the capillary rise
method; instead of monitoring the rise of the meniscus, Bartell and Miller
measured the amount of oil needed for maintaining the capillary level at a
marked height.
Livingston [171] (1938) investigated interfacial properties of several crude
oil samples with H2O at ambient pressures and temperatures up to 328 K.
The du Nou¨y ring method was used for surface tension measurements, and
for interfacial tensions, Bartell and Miller’s method [169] was used. A gen-
eral observation of Livingston was that the interfacial tension increases with
higher crude oil density, viscosity and paraffin concentration. Hocott [172]
(1938) used the drop weight method to monitor the interfacial tension of
different oil samples with brines. Hocott measured interfacial tension values
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at pressures up to 27 MPa and temperatures up to 353 K.
More recently, Freer et al. [173] (2003) used the pendant drop method to
measure dynamic interfacial tensions of crude oils with brines at ambient
conditions. Freer et al. report different ageing trends for different oils with
time. An extended study of the time dependence of interfacial tension for
various crude oils with H2O and brine has also been recently conducted
by Buckley et al. [174] at ambient conditions. Buckley et al. examined the
effect of salinity and of pH, showing a dependence of the interfacial tension
on both. The interfacial tension of (H2O + oil) systems is time dependent,
normally showing a big decrease in the first few hundred seconds, which
then stabilises to a somewhat constant value. The interfacial tension, how-
ever, can continue to decrease gradually and this has been ascribed to the
pH influence on in-situ surfactant formation, which in turn further reduce
the interfacial tension. Ghannam et al. [175] more recently investigated the
variation of interfacial tension with time for different saline and alkaline so-
lutions with crude oil samples from the Bu-Hasa oil field in the United Arab
Emirates, at ambient conditions. Grannam et al. showed that more alka-
line solutions resulted in lower interfacial tension values, as more favourable
conditions for surfactant formation.
3.2.3. Hydrocarbon and Carbon Dioxide Systems
A very limited number of experimental studies of the interfacial tension of
(n-alkane + CO2) systems at elevated pressures has been reported. Nagara-
jan and Robinson [176] have employed a high pressure apparatus consisting
of an interfacial tension pendant drop view cell and a gas chromatograph
for the simultaneous determination of the fluid phase behaviour. They have
conducted a substantial amount of measurements on phase densities and in-
terfacial tensions of (hydrocarbon + CO2) systems at pressures up to 16 MPa
and temperatures up to 373 K (Figure 3.4). Starting with a first publica-
tion in 1985 [177], they describe the apparatus comprising PVT and in-
terfacial tension cells; a U-tube densimeter; a magnetic circulation pump;
a gas chromatograph and six-port valves for sampling and directing the
various compounds appropriately. In this same publication, results for the
(n-butane + CO2) system are presented. Further on, Nagarajan et al. pub-
lished in 1986 results using the same apparatus for the (n-decane + CO2)
55
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Figure 3.4.: Interfacial tension literature data from Nagarajan et al. [176–
180] for different (alkane + CO2) systems: (n-butane + CO2) at 319 K (@),
344 K (@ﬂ), and 377 K (@ﬂ); (benzene + CO2) at 344 K (Cﬂ); (cyclohex-
ane + CO2) at 344 K (Aﬂ); (n-decane + CO2) at 344 K (A), and 377 K (F);
and (n-tetradecane + CO2) at 344 K (Aﬂ).
system [176]; in 1987 for the (cyclohexane + CO2) and (benzene + CO2)
systems [178]; in 1989 for the (n-tetradecane + CO2) system [179] and in
1990 for the (nbutane +n-decane + CO2) system [180]. Shaver et al. [181]
also applied the pendant drop method for measuring interfacial tensions of
(n-alkane + CO2) systems with increasing pressure, using the apparatus of
Nagarajan and Robinson [176], after having implemented various adjust-
ments/improvements. They used a combination of the previously published
methodologies of Roush [182] for the conversion of the drop profile to carte-
sian values and that of Jennings and Pallas [132] for the consequent interfa-
cial tension determination. In these studies compositions were determined
using gas chromatography for the analysis of the two phases, at the same
time as the interfacial tension was determined, with the option of choosing
different capillary sizes for the measurement of a wide range of interfacial
tensions. Interfacial tension measurements of CO2 with pure alkanes, ap-
pear not to have been published since.
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Yang et al. [183] measured dynamic interfacial tensions of reservoir brine
samples from the Instow oil field in Saskatchewan, and crude oil from On-
tario, Canada, and CO2, at pressures up to 31 MPa for two isotherms:
300 K and 331 K. The authors showed a decrease of interfacial tension with
time, reaching a constant value after approximately 100 s for both (crude
oil + CO2) and (brine + CO2) systems. For the (crude oil + brine + CO2)
system however, the value reached after approximately (100 – 200) s, did
not appear to be stable and continued to decrease but at a smaller rate.
The density of the oil phase was assumed to be constant over the whole
range of pressures, while the density of CO2 was assumed to be that of the
pure compound. Nobakht et al. [184] measured the interfacial tension of
oil samples from the Weyburn oilfield with CO2 at pressures up to 12 MPa
and ambient temperatures, also using the pendant drop method. They
showed that interfacial tension decreases linearly with increasing pressure
from 17 mN m−1 at ambient pressure to 2 mN m−1 at 7.25 MPa, after which
it continued decreasing but at a much smaller rate.
3.3. Summary
A number of experimental studies have focused on determining the inter-
facial properties of fluids at reservoir representative conditions. For (aque-
ous + CO2) and (aqueous + hydrocarbon) systems more investigations are
available, showing however significant discrepancies in the reported values,
mostly attributed to the purity of the fluids used, and the presence of impuri-
ties in the equipment. For (CO2 + hydrocarbon) systems few investigations
were found, showing insignificant deviations between the reported values.
The present work has focused on resolving some of the discrepancies found
in the literature for systems of pure compounds, while extending the range
of high pressure high temperature (HPHT) measurements where possible.
The interfacial tension for systems not previously investigated formed a sig-
nificant part of the work conducted, aiming overall at providing reliable
measurements for relevant systems of model-fluid compositions containing
CO2. As well as providing valuable data for direct use in reservoir simula-
tions, the results have also been used to aid modelling tools in extending
their predictive capabilities over a much wider range.
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4.1. Interfacial Tension Apparatus
For the purpose of interfacial tension measurements at elevated pressures
and temperatures, a custom-designed high pressure pendant drop view-cell
was used. The high pressure apparatus used in the present project was
purchased from Eurotechnica GmbH1. It was designed to hold pressures up
to 70 MPa at temperatures up to 473 K. A schematic diagram of the overall
apparatus is shown in Figure 4.1.
The high pressure view-cell holds a volume of 24 cm3, indicated in Figure
4.1 as “VC” and was connected by means of 3.2 mm o.d. high pressure
tubing to two manual pressure generators (screw injectors) annotated as
“PG1” and “PG2”, each of 30 cm3 capacity. These were used to introduce
different fluids to the system, each from their respective storage tank, shown
as “T1” and “T2”. Therefore, by opening valve “A” or valve “B” and by
using the corresponding pressure generator, it was possible to introduce two
different fluids into the cell, one from the top and the other from the bottom.
When the system was filled, valves “A” and “B” were closed and by further
displacement using either of the two screw injectors, “PG1” or “PG2”, the
pressure in the system was increased. The line connected to valve “G” of
the apparatus served for introducing a third fluid to the system, in this case
CO2. This was compressed and delivered at a specified pressure using a
high pressure automatic syringe pump (Teledyne Isco 100DM).
The equipment was not in operational condition when the project com-
menced, mainly due to corrosion induced leaks and heavy past usage. The
entire equipment was disassembled, including the view cell, all tubing and
connectors, and the two manual screw injectors, and all components were
thoroughly cleaned; several high pressure fittings and seals were replaced
1Eurotechnica GmbH. Address: An den Stu¨cken 55, D-22941 Bargtecheide, Germany.
Tel.: +49-(0)4532-267708,9. Email: info@eurotechnica.de
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F 
Figure 4.1.: Flow diagram of the PD-E700 LL apparatus. In the diagram
the following are annotated: view-cell (VC); pressure transducer (PI); ther-
mocouple (TI); temperature controller (TC); pressure generators (PG1 and
PG2); liquid supply tanks (T1 and T2); valves (A – E); valve connect-
ing with gas supply (G) and safety rupture disk (S). The dash-dotted line
around the view-cell indicates a heating jacket and the double lines con-
necting to the cell indicate 6.4 mm o.d. high pressure tubing through which
a 1.6 mm o.d. capillary tube reaches into the cell.
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Figure 4.2.: High pressure view cell drawings in mm – drawn using Solid-
works 2005 SP3.1.
as appropriate and new lines were introduced to allow more flexibility of
experimental procedures.
In particular, the sapphire window assemblies which were found to be
the main source of leaking, were replaced with new ones that implemented
a different sealing principle. The main reason for replacing the previous
sapphire assemblies was that they were made from different steel than the
vessel, which appeared to cause corrosion and eventually irresolvable leak-
ing. The new parts were of the same material as the vessel, which was not
the case initially (see Table 4.1), and worked under the sealing principle of
unsupported area [185, 186], being machined optically flat at the regions
of contact with the sapphire windows. However, due to the fact that the
previous sealing method relied on the sapphire windows being coated with a
gold layer to ensure sealing contact with the metal part, this coating had to
be removed in order to make appropriate contact with the new metal parts.
The gold plating was removed using a super fine P1200 silicone carbide
abrasive paper which seemed to remove it, yet the system did not seal prop-
erly when tested. PTFE tape was then introduced between the window and
the metal window-holder, which was tightened initially as best possible (the
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threads on the assembly were not designed for tightening purposes). The
assembled parts with the introduced PTFE tape between the sapphire and
the metal part of the window-holder, were then put in place and the system
was pressurised. This made the contact between the sapphire and metal
part better, as the PTFE tape compressed between the two. Consequently
further tightening of the sapphire assembly was made, which enabled seal-
ing of the apparatus over the entire pressure range to be achieved; initially
at low pressures a small leak was observed whereas at high pressures the
system sealed efficiently, as expected for a Poulter type seal [185]. A cap-
illary tube was also inserted from the lower side of the view-cell to enable
standing drops to be created into denser bulk fluids. This is essential when
the heavy phase is the transparent one.
4.1.1. High Pressure View Cell
The view-cell used is shown in Figure 4.2, as a whole and in section. It is a
hollow cylindrical vessel “1” with flat ends made from AISI type 660 (DIN
1.4980) stainless steel.
Table 4.1.: Characteristics of the high pressure view cell components as an-
notated in Figure 4.2.
No. part description material type
1 main cell body Ni-Cr superalloy 1.4980
2 Gland stainless steel 1.4305
3 window holder stainless steel 1.4435
4 window sapphire Al2O3
5 O-ring PTFE polytetrafluoroethylene
It has four fluid ports equally spaced around the circumference in the
middle of the cell, allowing for high pressure tubing connections. The two
flat ends were fitted with 36 mm diameter glands “2” which held in place the
assemblies “3” bearing the sapphire windows “4”. The metal-to-metal faces
were sealed by means of PTFE O-rings “5” while the metal-to-sapphire faces
were sealed with a Poulter-type seal (unsupported area principle) [185, 186],
complemented with PTFE tape, as explained in Section 4.1. The charac-
teristics of the cell components annotated in Figure 4.2 are summarised in
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Figure 4.3.: High pressure view cell drawing in mm – drawn using Solid-
works 2005 SP3.1.
Table 4.1. The inner volume of the view-cell is 24 cm3, the key dimensions
of which are shown in Figure 4.3.
4.1.2. Tertiary Fluid Supply
The line connected to valve “G” of the apparatus (Figure 4.1), was used
to introduce a third fluid to the system. The CO2 used was of CP grade,
supplied by BOC, with a mole fraction purity > 0.99995. It was introduced
in the system though this line, supplied from a liquid extraction cylinder
by means of a “dip tube”. The CO2 inside the cylinder is in the liquid
state, thus maintaining a vapour pressure of approximately 5 MPa. The
“dip tube” served as a means of extracting liquid CO2 until the cylinder
was emptied, rather than having the vapour, more compressible phase, in-
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troduced first. The cylinder was connected through a 2 µm line filter for
particulates removal, to a high pressure automatic syringe pump Teledyne
Isco 100DM2 which could further compress the CO2 to a maximum pres-
sure of 70 MPa. The main advantage of the automatic syringe pump, apart
from compressing the CO2 to the appropriate pressure, was that it served
as an automatic pressure or flowrate regulator and, therefore, could provide
the reproducible conditions required for drops to be created and monitored
sequentially at the same state points. It also provided displacement data
with an accuracy of ±0.5 % that was essential for knowing the volume of
each component introduced to the system.
4.1.3. Temperature and Pressure Control
The temperature of the view-cell was controlled with an electrical heating
jacket which surrounded the vessel. The heating jacket was connected to
a PID temperature controller that could operate in all possible controlling
modes (on-off, PD, PID, PI), reading the temperature of the view-cell by
means of two platinum resistance thermometers (PRT 100 Ω); the second
one was for added safety in case the primary should fail. These PRTs were
fitted in blind holes in the body of the view-cell (do not reach the inner
volume of the vessel), and contact was ensured with a high-temperature
thermal conductive paste.
The temperature of the fluids was measured by means of a NiCr-Ni ther-
mocouple (Type K) that was fitted with a high pressure connection within
the view-cell, directly in contact with the fluids. The overall temperature
control had a stability of ± 0.1 K and the overall uncertainty of the tem-
perature was 0.2 K with a coverage factor k = 2 (confidence greater than
95 %).
The pressure was monitored by means of a pressure transducer (KELLER,
model PA-33X KELLER, Winterthur, Switzerland)3 with an operating range
up to p=100 MPa and 353 K. The transducer had an uncertainty of 0.05 %
of the full scale.
The uncertainty of the measured interfacial tension associated with the
2Teledyne Isco, Inc. Address: 4700 Superior Street, Lincoln, NE 68504, USA. Tel.:
+1-402-464-0231. Email: iscoInfo@teledyne.com.
3KELLER (UK) Ltd. Address: Winfrith Technology Centre, Dorchester, DT2 8ZB, GB.
Tel. +44-(0)845-643-2855. Email: sales@keller-pressure.co.uk.
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uncertainties in pressure and temperature is given by (from Taylor et al.
[187])
u2c(γ) =
(
∂γ
∂p
)2
u2(p) +
(
∂γ
∂T
)2
u2(T ), (4.1)
where uc(γ) is the combined standard uncertainty in interfacial tension,
u(p) = 0.05 MPa is the uncertainty in pressure and u(T ) = 0.1 K is the
uncertainty in temperature. The combined uncertainty for the systems and
conditions studied in the present work was usually in the range Uc(γ) < 1 %.
4.1.4. Drop Shape Analysis
When the system has reached the appropriate p, T conditions, a hanging
drop can be created by slight compression of the heavy fluid using “PG1”.
The same can be achieved by compressing the light fluid with “PG2” to
create a standing drop. In both cases, when the drop is created, images (or
sequences of images) showing its profile can provide necessary information
for calculating the interfacial tension between the two phases.
Table 4.2.: Example of the parameters associated with the calculation of
the interfacial tension of a pendant drop (Figure 4.4) using the KRU¨SS
DSA software.
Parameter Value Units
needle diameter 1.62 mm
image resolution 768× 572 pixels
magnification factor 73.08 pixels mm−1
drop surface area 70.62 µm2
drop volume 56.44 mm3
interfacial tension 29.66 mN m−1
drop height 5.62 mm
fit error 1.12 µm
shape parameter 0.52 –
For this purpose a monochrome CCTV camera (Toshiba Teli, model CCD
CS8420C-02, Tokyo, Japan) was used for monitoring the pendant drops
created in the view-cell. The camera was connected to a Matrox Pulsar
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Figure 4.4.: Example of a H2O pendant drop in bulk CO2 at 10.01 MPa and
297.9 K.
frame grabber PCI board for image or video recording. In order to provide
images with proper contrast, a white light emitting diode (LED) (KRU¨SS
GmbH, model DSA20B, Hamburg, Germany), fitted with a diffusion filter
was placed at the other end of the view-cell, opposite the camera. The
interfacial tension was determined from digitised images of the drops by
means of the drop shape analysis software (KRU¨SS GmbH, DSA V1.90.0.14,
Hamburg, Germany). Having acquired the image, as the example shown in
Figure 4.4, the software can then analyse the shape of the drop and compute
several parameters as shown in Table 4.2.
The o.d. of the capillary tube used for creating the pendant drops was
measured with a calliper to be 1.62 mm with an uncertainty of ± 0.01 mm.
This diameter served as a calibration length for determining the dimensions
of the pendant drops from the images recorded, by allocating the num-
ber of pixels corresponding to this known size. This is represented as the
magnification factor (MAG) in pixels mm−1. Under the resolution of the
camera used (767×575 pixels), the MAG of the images was approximately
70 pixels mm−1 depending on the distance of the camera from the drop. For
example, due to the lower interfacial tensions of the (n-alkane + CO2) sys-
tems, the images had MAG ranging up to 90 pixels mm−1 (as the camera
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focused more closely on the drops) compared with the MAG in the range
of 70 pixels mm−1 recorded for the (H2O + CO2) systems. Moreover, each
pixel at such magnification corresponded to a physical size of approximately
1/(70 mm−1) = 0.014 mm which is of the same order of magnitude as the
uncertainty in the determination of the o.d. of the capillary tube. Thus
determining its size more accurately would not reduce the overall uncer-
tainty as the resolution is the limiting factor. The aspect ratio of the digital
camera also influences the determination of the interfacial tension from the
drop shape analysis. In the one used in the present work, this was found
to be equal to 1.00, as determined by calibration with a ball-bearing. This
value was used for the analysis of all systems investigated. The mathemat-
ical procedure for the calculation of the interfacial tension from the drop’s
profile is based on the Young-Laplace equation as discussed in Section 2.8.2.
4.1.5. Contact Angle Measurements
The high pressure view-cell already in place provided the opportunity of
designing a procedure for monitoring contact angles of reservoir fluids with
representative substrates as a function of temperature and pressure, with
only small modifications. The Kru¨ss software and digital equipment avail-
able were capable for accurately determining contact angles as part of the
built-in algorithm for drop shape analysis. The view cell is shown in Figure
4.5, in section along with the proposed positioning of the substrate.
The modification initially proposed was to design different substrates
(quartz, mica, etc.) with a shape corresponding to the cell’s inner dimen-
sions. A small cross-hole would be drilled into each substrate, allowing a
capillary tube to be inserted through the substrate, reaching up to its flat-
horizontal surface. Having this fitted properly, the cell could then be filled
with the light fluid from the top and be brought to the desired p, T condi-
tions. Subsequently a small displacement of the heavy fluid from the lower
side would bring the denser phase up through the capillary tube and onto
the substrate, producing a sessile drop (drop sitting on a surface) much
like the procedure for creating standing bubbles or pendant drops. By fur-
ther monitoring a cyclic increase and decrease of the sessile drop’s volume,
the advancing and receding contact angles could be measured. This would
provide a wide range of experimental data at representative reservoir con-
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various substrates
substrate position in view-cell
Figure 4.5.: High pressure cell cross section showing substrate position
within the cell and various possible other substrates – drawn using Solid-
works 2005 SP3.1.
67
Chapter 4. Experimental Setup
ditions for predictive models of imbibition, capillary escape and enhanced
oil recovery processes.
However, the initially designed method proved to be problematic in im-
plementation, both due to the hardness of the substrates and difficulty of
machining for curved configurations, and because it required the denser
phase to be introduced from the bottom side onto the substrate. This
would mean that the denser, being usually the wetting, phase would spread
on the substrate and restrict further measurements; already formed drops
resting on the substrate (especially when wetting) would interfere with new
ones, making contact angle measurements impossible. Instead, a different
procedure was adopted which seemed to be more realistic for high pres-
sure measurements, as a validation test of the potential of the apparatus
to measure contact angles. A standard PTFE support was machined at
the appropriate shape and rectangular substrates were placed on it, in close
proximity to the capillary tube above. This allowed drops of the light phase
to be created from the top, being close enough to come in contact with the
substrate, and whilst in contact enabled the angle to be measured. Further
on, the less-dense drop would escape from being in contact with the sub-
strate (when enlarged enough) due to buoyancy forces, allowing new ones
to be created at different conditions.
This provided the potential for taking series of measurements without
having to restart the experiment (draining, opening view-cell, cleaning and
drying the substrate, re-positioning and moving to a new state point), al-
though it required a number of trials for different configurations of substrate
sizes and positions. Some results obtained for a CO2-phobic ceramic sub-
strate are shown in Chapter 10 where further possible investigations are
suggested.
4.2. µ-CT Flooding Apparatus
Flooding experiments in a custom made core plug, by injection of an aqueous
and an n-decane phase, were identified as an initial step for determining
the influence of interfacial tension on residual trapping, which is important
for CO2 sequestration. The aim was to use X-ray computer tomography
with micron-resolution (µ-CT) to monitor the evolution of fluid distribution
in a custom-made porous core. The latter, saturated with a non-wetting
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Figure 4.6.: Flow diagram of the apparatus with main parts of the core
assembly annotated and detailed in Table 4.3
phase (such as CO2 or, in these experiments, n-decane) was flooded by
an aqueous (brine in this case) phase until some of the non-wetting phase
became trapped as the core approached residual saturation. The effect of
varying interfacial tension in the trapping behaviour of the particular core
was studied by the addition of an aqueous surfactant.
This part of the project was undertaken during a two-month second-
ment at Shell International Exploration and Production B.V., Rijswijk, the
Netherlands, in the laboratory facilities of the Rock and Fluid Physics group.
The flow diagram of the apparatus used for the ambient conditions flood-
ing experiments is shown in Figure 4.6. This comprised a µ-CT apparatus,
a custom machined polycarbonate core holder and two Quizix (AMETEK
Chandler Instruments, Quizix QX Series, Oklahoma, USA) high precision
displacement pumps.
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Figure 4.7.: Core holder with inlet cap
Table 4.3.: Characteristics of the core assembly annotated in Figure 4.6.
annotation part description material
1 inlet cap polycarbonate
2 core holder polycarbonate
3 assembly rotating base polycarbonate
4 core sintered glass beads
5 O-ring viton
The core was 10 mm in diameter and 20 mm in length, made out of sin-
tered glass beads of 100 µm approximate diameter. The porosity and perme-
ability of the medium was independently measured by Fons Marcelis from
Shell International Exploration and Production B.V., Rijswijk, the Nether-
lands, found to be φ = 0.327 and K = (20 – 24) D, respectively. The latter
was also calculated by analysis of the obtained µ-CT scans, on the basis of
single phase Stokes finite volume simulation, at K = 20 D, which was in
agreement with the measured values.
The core holder is shown in Figure 4.7 with the inlet cap placed next to it.
The entire assembly was fixed inside the µ-CT apparatus, and appropriate
flexible PTFE tubing (Dilba Inductries Ltd, Omnifit, Cambridge, UK) able
to hold pressures up to 6 MPa was fitted allowing for a full 360◦ rotation
of the core, as necessary for the 3D reconstruction of the projected images
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Figure 4.8.: Core holder inside X-ray apparatus
(Figure 4.8). All wetted parts, including the Quizix pumps that were dis-
mantled, were thoroughly cleaned by hand and followed by sonication in an
isopropanol bath at 313 K. This ensured no undesirable impurities would
affect the interfacial tension of the fluids. The inlets of the pumps were
fitted with 15 µm line filters (Swagelok, SS-4F-15, Ohio, USA) for ensuring
no particulates would be introduced into the system.
Having fixed the core holder in position, calibration scans and beam pa-
rameter optimisation for finding an optimum contrast for the measuring
system were performed. The most effective operation of the µ-CT vacuum
circuit was found to be at 100 kV and 60 µA for accelerating electrons from
the filament/cathode onto the target/anode which emitted a continuous
spectrum of X-ray radiation (Bremsstrahlung radiation). The resolution
achieved under the current core-assembly configuration was 11.5 µm. Scans
were performed at three different positions of the core: top, middle, and
bottom as shown in Figure 4.9. The maximum magnification would not
allow for the entire core to be within the field of view and so different
positions both close to the inlet (top), and further down were scanned sep-
arately. Flooding experiments were conducted with various pore volumes
(PV ) injected of (i) CsCl-4wt% into an n-decane saturated core, and (ii)
CsCl-4wt% into an n-decane flooded core brought to a connate water satu-
ration (100PV of n-decane injected into a CsCl-4wt% saturated core). To
evaluate the effect of interfacial tension, further flooding experiments us-
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10 mm
top
middle
bottom
Figure 4.9.: X-ray projection image of the entire core with annotated scan-
ning positions. Sealing O-rings and a metal wire at the top of the core
assembly made out of Chromel (Ni-Cr alloy), used for the calibration of the
X-ray detector, are also visible.
ing (CsCl-4wt% + DTAB), at concentrations within regions both above and
below the critical micelle concentration (CMC) of the water-soluble surfac-
tant dodecyl trimethyl ammonium bromide (DTAB), were performed using
the same two measuring protocols. The method followed as well as the
discussion of the results are presented in Chapter 8.
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5. Interfacial Tension Results:
(H2O + CO2)
5.1. Introduction
The presence of H2O in deep aquifers as well as oil and gas reservoirs makes
the knowledge of the interfacial tension between aqueous phases and CO2 at
representative conditions an important property for storage and enhanced
oil recovery relevant processes (Chapter 1). Several authors have focused at
measuring such systems (Section 3.2.1), the values of which show significant
discrepancies even for pure substances of the (H2O + CO2) system. This is
mostly attributed to different approaches followed in the literature with
regards to the time dependence of the system and on the possible presence
of impurities that further enhance such effects.
The interfacial tension of the system was investigated in the present work
at different isotherms up to 374 K, extending the pressure range of the avail-
able data, while addressing relevant aspects of its time dependence. Detailed
procedures were followed with respect to determining a static interfacial
tension and comparison of the current work with literature values and pro-
cedures is discussed later in this Chapter. Furthermore the SAFT-VR-DFT
approach was used for predicting interfacial tension at the same conditions
as the measured values; a detailed comparison between the two is presented.
The results of the present Chapter have been published in the Journal of
Chemical and Engineering Data [49].
5.2. Experimental Procedure
Materials: The CO2 used was of CP grade, supplied by BOC in a liq-
uid withdrawal cylinder, with a mole fraction purity < 0.9995. The H2O
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used was deionized, supplied by a ELGA Purelab Option-R1 water purifier,
which has specifications better than those of double distilled H2O (water
conductivity < 15 µS cm−1). The Purelab Option-R applies pretreatment;
reverse osmosis; ion exchange; photo-oxidation & recirculation as purifi-
cation processes. Hexane (BDH, Hull, UK), iso-propanol (Sigma-Aldrich,
Dorset, UK) and toluene (Sigma-Aldrich, Dorset, UK), used for cleaning
purposes, were of mole fraction purities > 0.95, 0.999 and 0.999, respec-
tively. All glassware was cleaned in concentrated KOH-isopropanol solution
and thoroughly rinsed with deionized H2O before use. This ensured that no
oil impurities would dissolve in the H2O phase during handling.
Preparatory protocol: The procedure followed during the bulk of the
experimental work included the following preparatory steps. The system
was first filled with a solvent such as iso-propanol, hexane and/or toluene
to dissolve any remaining compounds from previously conducted experi-
ments. The system was then drained, flushed with air and consequently
put under vacuum at a temperature of 323 K, usually left overnight. This
ensured that no remaining solvent would interfere with the measuring flu-
ids. Having made this preparatory step, the following experimental protocol
varied according to the systems studied.
Measuring protocol: The view-cell was filled with CO2 via the high
pressure syringe pump connected to valve “G” (see apparatus flow diagram
in Figure 4.1). The left-hand pressure generator “PG1” was completely
filled with H2O, which was kept isolated from the view-cell by valve “F”.
Enough H2O was introduced initially, until a H2O phase was apparent in
the lower side of the view-cell, and time was allowed to ensure that the
CO2 bulk phase was saturated with H2O vapour. Valve “F” was thereafter
opened only to allow an H2O drop to be created within the view-cell and
was immediately closed, isolating the unsaturated H2O phase from the CO2-
rich phase. For every state point, four consecutive drops were created,
each monitored for at least 600 s. The software was set to capture frames
every 4 s, which were all later analysed for the calculation of the interfacial
tension. After the creation of each drop, a transition period was observed
during which the interfacial tension dropped rapidly and then stabilised at
a “quasi-static value”, similar to the observations of Hebach et al. [142]
1ELGA LabWater Global Operations. Address: Lane End, Industrial Park High
Wycombe, HP14 3BY, UK. Tel.: +44 1494 887500. Email: info@elgalabwater.com
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Figure 5.1.: Interfacial tension data of the (H2O + CO2) system at 297.9 K
as a function of time at different pressures: (A) at 10.0 MPa; (F) at
15.0 MPa and (@) at 20.0 MPa. Vertical lines indicate the time interval
over which all data points were used to get the mean interfacial tension
values.
This initial time dependence is a common observation made by a number of
authors [115, 139, 141, 142, 144, 151] and is attributed to phase equilibration
as the two phases partially dissolve in each other. As an example, the time
evolution of the interfacial tension for different pressures at T = 297.9 K is
shown in Figure 5.1.
5.3. Results
Interfacial tension measurements were conducted for the (H2O + CO2) sys-
tem at pressures of (1 to 60) MPa and temperatures of (298 to 374) K. The
pendant drop method was implemented using the high pressure apparatus
described in Section 4.1 by monitoring pendant H2O drops in the CO2-rich
bulk phase. The reported results have a relative standard deviation in most
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Figure 5.2.: Interfacial tension data of the (H2O + CO2) system as a func-
tion of pressure at different isotherms: (q) at 297.9 K; (u) at 312.9 K;
(v) at 333.5 K; (?) at 343.3 K; and (p) at 373.3 K. Continuous curves (–)
correspond to fitting equations and parameters given in Table 5.1.
cases of less than 1.0 % and are in good agreement with literature values
at low pressures. However at higher pressures (up to 45 MPa) there is a
significant scatter in the published data; the reasons for this are discussed.
Measurements in the present work extend the pressure range of available
data up to pressures of 60 MPa, previously covered up to 45 MPa for the
current system.
The density of CO2 increases with pressure, generally, more rapidly than
does the density of H2O. This causes the density difference of the two phases
to reduce with pressure, eventually leading to CO2 becoming denser than
H2O. At low temperatures, this (isochoric point) appears within the pressure
range of interest. In fact, taking densities of the pure compounds at T =
298 K, CO2 becomes denser than H2O at pressures above 43.7 MPa [188].
This is the reason why the isotherm at T = 297.9 K does not extend in
pressure, as for higher temperatures, both in this work and in the literature.
Interfacial tension cannot be measured by the pendant drop method, un-
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less there is a density difference large enough to adequately elongate the
drop, distorting it from being spherical (as would be the case in the absence
of gravity). For this isotherm the density difference, even if reversed, would
remain in the range of (10 to 20) kg m−3 for pressures up to 60 MPa which
would make interfacial tension measurements of CO2 pendant drops in the
H2O bulk phase very uncertain. The elongation of a pendant drop is quan-
tified by B which should be larger than 0.5 for minimising the sensitivity
in interfacial tension determination from errors in the aspect ratio of the
digital camera (Song et al. [43, p.74]). For the (H2O + CO2) system, B de-
creases with decreasing density difference at constant temperature. In the
present work, the extreme case of lowest density difference at T = 333.5 K
and p = 60 MPa, was ∆ρ = 41 kg m−3, where B has a value of 0.46 which is
outside the preferred range, leading to more uncertain results. Moreover, in
this range the drop becomes much bigger in volume than at higher density
differences, which creates practical problems in terms of focusing with the
camera and the physically available space in the view cell. For compari-
son, the drop’s volume for ∆ρ = 200 kg m−3 is only about 55 µL while for
∆ρ = 41 kg m−3 it is of the order of 180 µL.
The average interfacial tension values reported were obtained from all the
frames recorded between the fifth and tenth minutes after creating the drop,
for four consecutive drops at each state point. The results for individual
isotherms are shown in Figures 5.4 to 5.8 along with data from other au-
thors. The density difference between the two phases was assumed to be
that between the pure compounds at each state point and density values
were obtained from models given in the National Institute of Standards and
Technology Chemistry Webbook [188].
The standard errors of the interfacial tension reported were obtained from
the average values calculated from all drop-frames under consideration. Ap-
proximately 400 drop-frames were used to evaluate the interfacial tension at
each state point. The number of measurements is substantial, the standard
error of which includes various random experimental errors such as the effect
of vibrations and errors associated with the drop shape analysis, as well as
the reproducibility of the measurement. The average relative standard error
of all measurements is 0.5 % and reaches a maximum of 1.5 % at 373.3 K
and 13 MPa. This statistical standard error overlaps to some extent with
the uncertainty induced from the determination of p and T . The combined
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Figure 5.3.: Difference of interfacial tension measurements of the
(H2O + CO2) system from the fitting equations as a function of pres-
sure at different isotherms. Error bars correspond to the combined
standard uncertainty of pressure and temperature readings with a coverage
factor k = 2: (q) at 297.9 K; (u) at 312.9 K; (v) at 333.5 K; (?) at
343.3 K and (p) at 373.3 K.
standard uncertainty uc, associated with u(p) and u(T ) with a coverage
factor k = 2 (confidence greater than 95 %) as calculated with Equation
4.1 (Section 4.1.3), has an average relative value of 0.4 % and reaches a
maximum of 1.5 % at 312.9 K and 3 MPa.
The values of interfacial tension obtained from drop shape analysis are
linearly dependent on the density difference of the two fluids. The values of
density difference used for the calculation of the interfacial tension are given
in Table D.1 of Appendix D: Interfacial Tension Data, allowing for future
corrections. If measurements or models reveal that the density difference
is significantly different from the values used, then the values of interfacial
tension reported here may be corrected by multiplying with the ratio of the
new density difference to the one used in the present work. Simultaneous
density and interfacial tension measurements at elevated pressures and tem-
peratures, however, increases the complexity of a pendant drop apparatus
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Figure 5.4.: Interfacial tension data of the (H2O + CO2) system as a func-
tion of pressure compared to literature values: present work (q) at 297.9 K;
Jho et al. [149] (7) at 298.16 K; Massoudi et al. [147] (@) at 298.15 K; Chun
et al. [140] (E) at 298.15 K; Wesch et al. [150] (D) at 298.00 K; Hebach et al.
[142] (F) at 298.30 K; Park et al. [144] (A) at 298.15 K; Chalbaud et al.
[141] (Aﬂ) at 300.15 K and Bachu et al. [146] (ﬃ) at 298.15 K. For Jho et al.
[149], Wesch et al. [150] and Chalbaud et al. [141] the data points were in-
ferred from graphs. Continuous curve (–) corresponds to fitting equations
and parameters given in Table 5.1.
and introduces further measuring uncertainties (see Chiquet et al. [145] and
Bachu et al. [146]).
Five isotherms have been measured for a range of pressures from (1 to
60) MPa and the results are given in Table D.1 of Appendix D: Interfacial
Tension Data, illustrated as a function of pressure in Figure 5.2. It is ob-
served that |dγ/dp| is largest at low pressures and that it declines as the
pressure increases. In fact, for the isotherms measured at T / K = 297.9,
312.9 and 333.5 the change in slope is abrupt giving an indication of two
distinct regions. The interfacial tension in the two regions of low and high
pressure, corresponding for each isotherm to the gaseous and liquid or su-
percritical regions of CO2, respectively (Tc = 304.2 K and pc = 7.38 MPa),
79
Chapter 5. Interfacial Tension Results: (H2O+CO2)
were fitted with an average absolute percentile deviation of 1.4 % to linear
functions of the form
γ/(mN m−1) = a1 − b1 (p/MPa) , (5.1)
where p is the pressure and a1, b1 are fitting parameters. The isotherms at
T = 343.3 K and T = 374.3 K showed a more gradual change of slope with
increasing pressure. These were fitted with a multiple multiplication factor
(MMF) model of the form
γ/(mN m−1) =
a2b2 + c (p/MPa)
d
b2 + (p/MPa)
d
, (5.2)
where a2, b2, c and d are fitting parameters. The parameters and correlation
coefficients for both the linear fitting and the MMF model are given in Table
5.1. The deviation of the data from these correlation curves are shown in
Figure 5.3. The maximum absolute percentile deviation is 5.0 % and the av-
erage absolute percentile deviation is 1.2 %. The average absolute deviation
and the standard error were calculated by ∆AAD =
∑N
i=1 |(γi − γf)/(γi)|/N
and σ2 =
∑
(γi − γf)2/(j − n) respectively, where γi is the measured inter-
facial tension at each state point, γf is the corresponding fitted interfacial
tension, γ¯ is the average measured interfacial tension, j is the number of
state points and n is the number of fitting parameters.
From Figure 5.2, the interfacial tension shows a small positive dependence
on temperature at pressures above 15 MPa while, at lower pressures, increase
in temperature has the opposite effect, reducing the interfacial tension. A
crossover between the isotherms is observed at a pressure of approximately
4 MPa where the interfacial tension shows the smallest sensitivity to tem-
perature.
The dependence of interfacial tension upon pressure can readily be linked
to the isothermal compressibility, β, of the two phases. In fact, for the
three isotherms where the interfacial tension was fitted using two linear
regions for low and high pressure, the intersection points of the fitting lines
coincide with the pressures at which the compressibility of pure CO2 reaches
a local maximum, βmax, for each particular temperature. For T = 297.9 K,
βmax = 0.75 MPa
−1 at p = 6.4 MPa which corresponds to the phase change
of CO2 from gas to liquid [188]. The two fitting lines on this isotherm
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Figure 5.5.: Interfacial tension data of the (H2O + CO2) system as a func-
tion of pressure compared to literature values: present work (u) at 312.9 K;
Hough et al. [148] (+) at 311.15 K; Chun et al. [140] (E) at 311.20 K; Wesch
et al. [150] (D) at 313.00 K; da Rocha et al. [139] () at 311.15 K; Hebach
et al. [142] (F) at 318.4 K; Tewes et al. [115] (E) at 313.15 K; Park et al.
[144] (A) at 311.15 K; Akutsu et al. [118] (C) at 318.15 K; Sutjiadi-Sia et al.
[151] (Eﬂ) at 313 K and Bachu et al. [146] (ﬃ) at 314.15 K. For Wesch et al.
[150], Tewes et al. [115] and Sutjiadi-Sia et al. [151] the data points were
inferred from graphs. For Hough et al. [148] and da Rocha et al. [139] the
data were taken from Park et al. [144]. Continuous curve (–) corresponds
to fitting equations and parameters given in Table 5.1.
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Figure 5.6.: Interfacial tension data of the (H2O + CO2) system as a func-
tion of pressure compared to literature values: present work (v) at 333.5 K;
Wesch et al. [150] (D) at 333.00 K; Hebach et al. [142] (F) at 333.2 K and
Bachu et al. [146] (ﬃ) at 333.15 K. For Wesch et al. [150] the data points
were inferred from graphs. Continuous curve (–) corresponds to fitting
equations and parameters given in Table 5.1.
intersect at the same pressure (see Table 6.1). For T = 312.9 K and T =
333.5 K the local maximum compressibility is 0.71 MPa−1 and 0.21 MPa−1
at approximately p = 8.75 MPa and p = 10.4 MPa, respectively, which
is also very close to the intersection values of the two fitting lines. The
compressibility of CO2 has a direct influence on the free energy density
and, therefore, upon the interfacial tension of the binary system in which,
by comparison, H2O is virtually incompressible [139]. The influence of the
free energy density of the two phases as well as information on different
modelling approaches for interfacial properties can be found in the literature
[25, 98, 190, 191].
The interfacial tension values of the (H2O + CO2) system are in reasonable
agreement with the values reported by Chiquet et al. [145], Massoudi et al.
[147] and Hebach et al. [142] but extend the available data to significantly
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Figure 5.7.: Interfacial tension data of the (H2O + CO2) system as a func-
tion of pressure compared to literature values: present work (?) at 343.3 K;
Hough et al. (+) [148] at 344.15 K; Chun et al. [140] (E) at 344.20 K; da
Rocha et al. [139] () at 344.15 K; Park et al. [144] (A) at 344.15 K; Chi-
quet et al. [145] (Cﬂ) at 343 K and Chalbaud et al.[141] (Aﬂ) at 344.15 K.
For Hough et al. [148] and da Rocha et al. [139] the data were taken from
Park et al. [144]. Continuous curve (–) corresponds to fitting equation and
parameters given in Table 5.1.
higher pressures. The scatter of published values and differences from the
current values (see Figures 5.4 to 5.8) are mainly in the range of higher
densities of the CO2-rich phase.
For the gaseous states of CO2, better agreement with the literature val-
ues is seen than with values for the liquid or supercritical states of CO2
(see Table 3.1). Although these discrepancies have been attributed in the
literature to different approaches in the two phase equilibration and in the
density difference determination, these are more likely caused by surfactant
effects in the view of the author. Surface active impurities are unavoidably
present in any high pressure apparatus [164] and can decrease interfacial
tension values, especially at conditions of higher CO2-rich phase densities,
as for the liquid or supercritical regions. In fact, Park et al.[144], Tewes
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Figure 5.8.: Interfacial tension data of the (H2O + CO2) system as a func-
tion of pressure compared to literature values: present work (p) at 373.3 K;
Chiquet et al. [145] (Cﬂ) at 383 K; Chalbaud et al. [141] (Aﬂ) at 373.15 K
and Bachu et al. [146] (ﬃ) at 373.15 K. For Chalbaud et al. [141] the data
points were inferred from graphs. Continuous curve (–) corresponds to
fitting equation and parameters given in Table 5.1.
et al.[115], Akutsu et al.[118] and da Rocha et al.[139] have measured the
influence of surfactants on the interfacial tension of the (H2O + CO2) sys-
tem. Surfactant migration to the H2O drop could also explain the long term
“ageing” effects observed for the system as suggested by Hebach et al. [142].
The time scales, as well as the conditions where the major disagreements
between literature values appear, point to this possible explanation.
The initial time dependence of the interfacial tension in the first few min-
utes, following the creation of a drop, is associated with the time required
to reach phase equilibrium with the surrounding fluid. This can be demon-
strated via a simple calculation: assuming that this process is controlled
by diffusion within the drop, the time required to attain equilibrium may
be estimated by solving the differential equation describing one-dimensional
diffusion of a solute into a spherical liquid drop given by
85
Chapter 5. Interfacial Tension Results: (H2O+CO2)
0.0	

0.2	

0.4	

0.6	

0.8	

1.0	

0.0	
 0.2	
 0.4	
 0.6	
 0.8	
 1.0	

U 
= 
C 
/ C
*	

r  = R / R*	

1 s	
10 s	

100 s	

300 s	

600 s	

Figure 5.9.: Concentration distribution of CO2 in a spherical H2O drop of
R∗ = 0.2 cm at various times in the range t/ s = (1− 600).
∂u(r, t)
∂t
= D∗
2
r
∂u(r, t)
∂r
+D∗
∂2u(r, t)
∂r2
, (5.3)
where u(r, t) = C/C∗ is the reduced concentration of the fluid in the liquid
with C∗ the solubility at each state point, r = R/R∗ is the reduced radial
variable with R∗ the radius of the drop and D∗ = D/R∗2 is the reduced
diffusion coefficient. The analytical solution for the differential Equation
5.3, subject to boundary and initial conditions u(1, t) = 1, u(0, t) = finite
and u(r, 0) = m(r), is
u(r, t) = 1 +
2(1−m(r))
r
n∑
n=1
1
npi
cos(npi) e−n
2pi2D∗t sin(npir), (5.4)
wherem(r) is a spatial function giving the initial concentration of the fluid in
the drop. The detailed derivation is shown in Appendix B: Simple Diffusion
of a Solute in a Spherical Drop where additional examples of different drop
sizes are also included.
Assuming the initial concentration profile to be m(r) = 0, the diffusion
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coefficient of CO2 in H2O [192] to be D = 3.0 · 10−9 m2 s−1 and a drop
radius R∗ = 0.2 cm (a representative size of H2O pendant drops in CO2),
the reduced diffusion coefficient is D∗ = 7.5 · 10−4 s−1. The solution is
shown in Figure 5.9, for spatial concentration distributions of CO2 in the
H2O spherical drop, at different times between 1 s and 600 s. For this nu-
merical validation, it is observed that the concentration of CO2 reaches ap-
proximate equilibrium within 300 s, while after 600 s it is virtually uniform.
Effects from saturation processes at such length scales must, therefore, be
associated with hundreds of seconds order of magnitude and not greater.
5.4. Comparison with SAFT-VR-DFT Modelling
A number of intermolecular potential parameters are required within the
SAFT-VR-DFT formalism to determine the bulk and interfacial properties
of real substances [25, 96, 193]. The molecular parameters are first adjusted
to provide an optimal description of the experimental vapour pressures and
liquid densities of the pure components. Experimental data from the triple
point to 90 % of the critical temperature are used in the optimisation. No
data close to the critical point are employed, as the formalism does not
include a crossover treatment, which is appropriate to estimate the density
fluctuations in the critical region [194]. The unlike binary (cross) param-
eters between the various molecular species are commonly estimated from
the appropriate data for the vapour-liquid and liquid-liquid fluid phase equi-
libria of the corresponding binary mixtures. Once the molecular parameters
are obtained and the bulk fluid phase equilibrium is accurately described,
one can then proceed with the DFT treatment and calculate the interfacial
tension of the mixture. Though this procedure often leads to an accurate
prediction of the surface tension for simple mixtures (e.g., see reference [96]),
in some cases the description of the surface tension is not adequate and a
compromise in the quality of the representation of the bulk fluid phase be-
haviour and interfacial properties has to be made. This turns out to be the
case for the highly non-ideal (H2O + CO2) mixture studied here, and for the
(CO2 +n-alkanes) presented in Section 6.3.
Using the predictive capability of the SAFT-VR-DFT approach, the per-
formance in the description of the interfacial properties of aqueous mixtures
was compared to the measured values. The H2O molecule is modelled as a
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Figure 5.10.: Comparison of experimental and modelled interfacial tension
of the (H2O + CO2) system as a function of pressure at different isotherms:
(q) at 297.9 K; (u) at 312.9 K; (v) at 333.5 K; (?) at 343.3 K; and (p)
at 373.3 K. Continuous curves (–) correspond to the SAFT-VR-DFT pre-
dictions (cf. Section 2.9). The abrupt change seen in the curves at the
lowest temperatures is due to the marked differences of the interfacial ten-
sion observed in the vapour-liquid and liquid-liquid regions of the phase
behaviour.
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spherical segment with 4 square-well associating sites, two sites of type e cor-
responding to the lone pairs of electrons and two of type H corresponding to
the hydrogen atoms (only e−H bonding is allowed [86]). The corresponding
parameters have been taken from previous work [86, model W1] [93], also
shown here in Table 5.2. Several studies with SAFT-VR have shown the
ability of the equation of state to model the fluid-phase equilibrium of this
system [81, 90, 91, 94] but no analysis of interfacial properties was made.
The main interest here is a description of the interfacial tension that covers
regions of both vapour-liquid and liquid-liquid phase equilibria. Due to the
non-ideality of this mixture, one has to go beyond the Berthelot geometric
combining rule for the unlike dispersion energy parameter which employs a
deviation from the geometric-mean rule in terms of a so-called kij param-
eter, defined as ij = (1 − kij)√iijj [80, 195]. Keeping the methodology
as predictive as possible, the approach of Haslam et al. [196] (an extension
of the Hudson-McCoubrey rule) was followed to predict the binary inter-
action parameter of the (H2O + CO2) mixture: for the temperature range
from (298 to 374) K one finds a small average value of kij ∼ 0.015 for the
H2O – CO2 binary interaction in the vapour phase. This value of the bi-
nary parameter is then used unaltered in the calculations of the fluid-phase
behaviour and interfacial tension of the mixture.
The SAFT-VR-DFT predictions of the interfacial tension, along with the
corresponding experimental data for the (H2O + CO2) system are shown in
Figure 5.10 and the differences between the measured and modelled val-
ues are shown in Figure 5.11. The interfacial tension was predicted for
five isotherms at T/K = 298, 313, 333, 343 and 374, one below and four
above the point of vapour-liquid-liquid three-phase coexistence. The com-
parison with the experimental data (recently published [49]) confirms good
agreement for the liquid-liquid interfacial tension when using the binary pa-
rameter adjusted to the bulk fluid phase equilibria for this range of tempera-
tures, even at the highest pressures (60 MPa). The vapour-liquid interfacial
tension is also in good agreement with the experimental data, although it
deteriorates at lower pressures, i.e., when the content of water in the vapour
phase increases. This is consistent with the model presented for pure water
which was taken from previous work [93]. It appears that for these values
of the molecular parameters, the association is overestimating the excess
Gibbs energy of the system which leads to higher values of the surface ten-
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Figure 5.11.: Difference between the experimental interfacial tension values
of the (H2O + CO2) system and the SAFT-VR-DFT predictions as a func-
tion of pressure at different isotherms: (q) at 297.9 K; (u) at 312.9 K;
(v) at 333.5 K; (?) at 343.3 K; and (p) at 373.3 K.
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sion. As a result, the interfacial tension is overestimated in the water-rich
side (lower pressures). The kink in the interfacial tension observed between
the low and high pressure values (see Figure 5.10) denotes the change from
vapour-liquid to liquid-liquid behaviour, also correlated with the compress-
ibility of CO2 (see Section 5.3). Overall, the results of the SAFT-VR-DFT
for the (H2O + CO2) system are in very good agreement with the measured
values, considering that it is a fully predictive approach applicable for both
vapour-liquid and liquid-liquid interfacial tensions, with comparable quan-
titative quality.
5.5. Summary
Interfacial tension measurements have been made for the (H2O + CO2) sys-
tem on five isotherms from T = 297.9 K to T = 374.3 K at pressures up to
p = 60 MPa. The data have been fitted as a function of pressure by cor-
relating equations for each isotherm with a maximum absolute percentile
deviation of 5.0 % and an average absolute percentile deviation of 1.2 % (see
Figure 5.3). The relative standard errors reported are in most cases less
than 1.0 %. These were derived from a large number of experimental val-
ues collected for each state point. Good agreement with previous literature
values was seen under conditions where CO2 is a gas, while at higher bulk
densities most previous data showed significant disagreement and were usu-
ally smaller than the ones reported in this work. Possible reasons for these
discrepancies have been suggested. Measurements of interfacial tension for
the (H2O + CO2) system at conditions relevant to enhanced oil recovery and
carbon storage have been completed as a first step towards more realistic
modelling of such processes.
Theoretical calculations of the interfacial tension of the (H2O + CO2) sys-
tem with the SAFT-VR-DFT approach were compared with the experimen-
tal vapour-liquid interfacial tension data. Good agreement between the the-
ory and experiment was found apart for the low-pressure, high-water content
regions. The SAFT-VR-DFT approach provided a description of the mea-
sured values to within an average absolute percentile deviation, AAD, of
14.7 %. Further study of the relevant H2O potential model should enable
these discrepancies to be reduced considerably.
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6. Interfacial Tension Results:
(n-alkane + CO2)
6.1. Introduction
The interfacial tension of (hydrocarbon + CO2) systems is a relevant prop-
erty for CO2 sequestration in depleted reservoirs (Chapter 1). Very few
publications have focused on measurements for such systems (see Section
3.2.3), especially for model mixtures such as (n-alkane + CO2) systems.
The interfacial tension of three such systems was investigated in the
present work at different isotherms up to 443 K and at pressures up to the
miscibility conditions of the two compounds. Above these conditions, the
systems become a single phase (ie. completely miscible) and no interfacial
tension exists. Such conditions are the basis of enhanced oil recovery pro-
cesses, by which supercritical CO2 is used for improving the flow behaviour
of underground hydrocarbons, that are separated easily after extraction by
lowering the pressures and temperatures. At two-phase conditions, how-
ever, which would apply for CO2 storage, the interfacial tension of relevant
systems is an important thermophysical property. The SAFT-VR-DFT ap-
proach was used for predicting the interfacial tension at the same conditions;
a comparison between the measured values and the predictions is presented.
The results of the present Chapter have been published in the Journal of
Supercritical Fluids [197].
6.2. Experimental Procedure
Materials: The CO2 used was of CP grade, supplied by BOC, with a mole
fraction purity > 0.99995. The normal alkanes (Sigma-Aldrich, Dorset,
UK) investigated (n-decane, n-dodecance, and n-hexadecane) were of mole
fraction purities > 0.990; no further purification treatment was applied
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- impurities are prone to migrating at (aqueous + hydrocarbon) interfaces
[198, p.229], interfacial tension measurements of which would require ad-
ditional purification of the alkane phase (see Chapter 7). Hexane (BDH,
Hull, UK), iso-propanol (Sigma-Aldrich, Dorset, UK) and toluene (Sigma-
Aldrich, Dorset, UK), used in this work for cleaning purposes, were of mole
fraction purities > 0.95, 0.999 and 0.999, respectively.
Measuring protocol: The view-cell was filled with CO2 via the high
pressure syringe pump connected to valve “G” (see apparatus flow diagram
in Figure 4.1). The left-hand pressure generator “PG1” was completely
filled with the respective alkane each time, which was kept isolated from
the view-cell with valve “F”. Enough alkane was introduced initially, until
a distinct phase was apparent in the lower side of the view-cell, and time
was allowed to ensure that the CO2 bulk phase was saturated with alkane
vapour. Valve “F” was thereafter opened only for allowing an alkane drop
to be created within the view-cell and was immediately closed, isolating the
unsaturated alkane phase from the CO2-rich phase. For every state point,
four consecutive drops were created, each monitored for at least 600 s. The
software was set to capture frames every 4 s, which were all later analysed for
the calculation of the interfacial tension. No substantial time dependence
was observed for the vast majority of conditions investigated for the present
systems. This demonstrated that the phase equilibration, as the two phases
partially dissolve in each other, is rather fast. In fact, visual observation of
the initial stages of the creation of the alkane drops showed Schlieren [199]
patterns appearing only for the first few seconds of the creation of each
drop.
6.3. Results
The interfacial tension of three (n-alkane + CO2) systems, (n-decane + CO2),
(n-dodecane + CO2) and (n-hexadecane + CO2) was measured in the tem-
perature range (298 to 443) K for pressures up to the critical points for each
isotherm [197]. The values reported, tabulated in Table D.2 in Appendix D:
Interfacial Tension Data, are the averages and corresponding standard devi-
ations of a large number of experimental points collected between the fifth
and tenth minutes after the creation of each pendant drop, for at least four
successive drops, at each state point.
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Figure 6.1.: Interfacial tension data of the (n-decane + CO2) system as a
function of pressure at different isotherms: (s) at 298.0 K; (p) at 323.4 K;
(?) at 343.6 K; (v) at 373.5 K; (u) at 403.1 K; and (q) at 443.1 K. Con-
tinuous curves (–) correspond to the fitting Equation 6.1.
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The density difference of the pure phases obtained from models given in
the National Institute of Standards and Technology Chemistry Webbook
[188] was used for the determination of the interfacial tension (cf. Equation
2.33). This follows the same procedure as established for the (H2O + CO2)
system [49]. As in that case, the actual densities of the equilibrium fluid
phases here can deviate from the pure component values, particularly close
to the critical points. However in this region the interfacial tensions have
significantly low values and are more uncertain than for the regions of lower
mutual solubility of the two phases, thus no correction was made using
modelled or measured densities. In order to assess this assumption the
data were adjusted by using the densities of the fluid phases as predicted
with the SAFT-VR equation of state. Close agreement between the two
approaches was found apart from low pressures and temperatures where
one would in any case expect the densities of the phases to be closer to
those of the pure components. The approach of using the pure component
densities therefore provides reliable enough values of the interfacial tension
for these mixtures. Nonetheless if measurements or models subsequently
reveal that the density difference is significantly different from the values
used here, then the values of interfacial tension reported may be corrected
by multiplying with the ratio of the new density difference to the one used
in the present work using Equation 2.38.
Table 6.1.: Parameters for the correlation of the interfacial tension mea-
surements for the (n-alkane + CO2) systems (cf. Equation 5.1). The aver-
age absolute deviation and the standard error were calculated as ∆AAD =∑N
i=1 |(γi − γf)/(γi)|/N and σ2 =
∑
(γi − γf)2/(j−n), respectively, where γi
is the measured interfacial tension at each state point, γf the corresponding
correlated interfacial tension, γ¯ the average measured interfacial tension, j
the number of state points, and n the number of fitting parameters.
T / K a b c σ 102∆AAD
CO2 +n-decane
297.95 – -3.417 23.553 0.187 4.358
323.35 – -2.206 21.103 0.021 1.192
343.55 0.016 -1.687 18.235 0.018 1.005
373.45 0.015 -1.264 15.691 0.004 0.626
403.05 0.018 -1.132 14.128 0.008 1.022
95
Chapter 6. Interfacial Tension Results: (n-alkane+CO2)
Table 6.1.: Fitting parameters of the interfacial tension measurements for
the (n-alkane + CO2) systems continued...
T / K a b c σ 102∆AAD
443.05 0.017 -0.856 10.995 0.007 0.973
CO2 +n-dodecane
297.85 – -3.784 26.387 0.900 7.862
313.35 – -2.523 23.113 0.246 5.444
323.15 – -2.088 21.233 0.104 2.702
354.25 – -1.307 18.392 0.043 1.597
375.95 0.001 -1.319 18.417 0.044 1.613
403.15 0.009 -1.003 15.785 0.037 2.399
443.05 0.009 -0.808 12.774 0.032 2.091
CO2 +n-hexadecane
297.85 – -3.836 28.47 0.845 6.408
313.45 – -2.701 25.797 0.027 1.403
354.25 0.017 -1.710 22.415 0.020 0.950
403.05 0.021 -1.278 18.881 0.012 0.952
443.05 0.014 -0.925 15.39 0.020 2.228
The data can be represented with an average absolute percentile deviation
of 2.5 % as positive quadratic correlations, for each isotherm, of the form
γ/(mN m−1) = a (p/MPa)2 − b (p/MPa) + c, (6.1)
where p is the pressure and a, b and c are adjustable parameters. The
parameters and correlation coefficients are summarised in Table 6.1.
The interfacial tension is a linear function of the pressure at the lower
temperatures, while for higher isotherms the pressure dependence takes a
more quadratic form. A small positive dependence of the interfacial tension
on temperature is seen at high pressures while, at lower pressures, increasing
temperature has the opposite effect and leads to a reduction of the interfacial
tension. A crossover between the isotherms is observed at pressures in the
range from (4 to 5) MPa for all three (n-alkane + CO2) systems, where the
interfacial tension exhibits the smallest dependence on temperature. There
is a small increase in the interfacial tension with increasing chain length of
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Figure 6.2.: Interfacial tension data of the (n-dodecane + CO2) system as a
function of pressure at different isotherms: (s) at 297.9 K; (+) at 313.4 K;
(p) at 323.2 K; () at 354.3 K; (v) at 376.0 K; (u) at 403.2 K; and (q)
at 443.1 K. Continuous curves (–) correspond to the fitting Equation 6.1.
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Figure 6.3.: Interfacial tension data of the (n-hexadecane + CO2) system as
a function of pressure at different isotherms: (s) at 297.9 K; (+) at 313.5 K;
() at 354.3 K; (u) at 403.1 K; and (q) at 443.1 K. Continuous curves (–)
correspond to the fitting Equation 6.1.
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Figure 6.4.: Interfacial tension data of the (n-decane + CO2) system as a
function of pressure at different isotherms compared to literature values: (?)
at 343.6 K and (v) at 373.5 K, compared to literature measurements: Na-
garajan et al. [176], (A), at 344.3 K; Nagarajan et al. [176], (F), at 377.6 K;
and Shaver et al. [181], (E), at 344.3 K. Continuous curves (–) correspond
to the fitting Equation 6.1
the n-alkane, for the systems studied.
A comparison between the experimental data for the surface tension of
(n-decane + CO2) with the available published data [176, 181] is shown in
Figure 6.4, for two isotherms over the same range. The data are in excellent
agreement at high pressures, while at lower pressures, Shaver et al. [181]
who extended the measurements of Nagarajan et al. [176] down to 1.4 MPa
are in reasonable agreement with the values of the present work.
6.4. Comparison with SAFT-VR-DFT Modelling
The suitability of the SAFT-VR-DFT approach for representing the exper-
imental data has been examined for the (n-alkane + CO2) systems as well.
Previous applications of DFT for the prediction of (n-alkane + CO2) mix-
tures have been very restricted. To the author’s knowledge, the only such
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work is the study of one of these mixtures, the (n-decane + CO2) by Sarman
et al. [200].
As described in Section 5.4, a number of intermolecular potential param-
eters are required within the SAFT-VR-DFT formalism to determine the
bulk and interfacial properties of real substances, adjusted to provide an
optimal description of the experimental vapour pressures and liquid densi-
ties of the pure components. Once the molecular parameters are obtained
and the bulk fluid phase equilibrium is accurately described, one can then
proceed with the DFT treatment and calculate the interfacial tension of
the mixture. Though this procedure often leads to an accurate prediction
of the surface tension for simple mixtures (e.g., see reference [96]), in some
cases the description of the surface tension is not adequate and a compro-
mise in the quality of the representation of the bulk fluid phase behaviour
and interfacial properties has to be made. This turns out to be the case
for the highly non-ideal (CO2 +n-alkanes) studied here as well as for the
(H2O + CO2) results presented in Section 5.3.
The linear n-alkanes are modelled as homo-nuclear chain-like molecules
comprising m square-well segments of diameter σii and a dispersive energy
εii interacting over a range from σii to λiiσii. The parametrisation of the n-
alkanes family with SAFT-VR formalism has already been carried out in a
previous publication [189]. The parameters used to perform the present cal-
culations are taken from that work, also shown in Table 6.2. CO2 is modelled
as a non-associating molecule whose shape anisotropy is well represented by
two spherical segments (mCO2 = 2), as in previous works [80, 195]. As
the interest is in showing the predictive capabilities of SAFT-VR-DFT to
model the new measured interfacial tensions, no binary parameters were
introduced.
Table 6.2.: The SAFT-VR intermolecular parameters of the compounds
used (from [189] for n-alkanes and [80, 195] for CO2): MW is the molecular
weight of each component, m is the number of segments in the chain, σ the
size of the segment,  the dispersive square-well depth of range λ.
Compound MW /g mol−1 m σ /A˚  k−1B /K λ
C10H22 142.28 4.000 3.9675 247.08 1.5925
C12H26 170.33 4.667 3.9663 243.03 1.6101
C16H34 226.44 6.000 3.9810 237.33 1.6325
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Table 6.2.: The SAFT-VR intermolecular parameters of the compounds
used...
Compound MW /g mol−1 m σ /A˚  k−1B /K λ
CO2 44.01 2.000 2.7864 179.27 1.5157
Mixtures of carbon dioxide and n-alkanes are known to be highly non-
ideal and possess regions of both vapour-liquid and liquid-liquid immiscibil-
ity. Due to this nonideality, one has to go beyond the standard Berthelot
geometric combining rule for the unlike dispersion energy parameter (e.g.,
see references [80, 195] or [83]); in this case one can employ a deviation
from the geometric-mean rule in terms of a so-called kij parameter, defined
as ij = (1 − kij)√iijj . When the interfacial properties of the mixtures
of (n-alkanes + CO2) were first determined with SAFT-VR-DFT, the bi-
nary interaction parameters which provided the best description of the fluid
phase equilibria were not found to lead to the best representation of the
interfacial tension, particularly at high pressure. By coincidence a value of
kij = 0 (no deviation from the Lorentz-Berthelot rules) turned out to give
a reasonable compromise between the description of the bulk fluid phase
behaviour and the interfacial tension, and this value was used here.
The data for the interfacial tension of the (n-decane + CO2) system were
modelled using the SAFT-VR-DFT approach. Good agreement with the
measurements is apparent for all temperatures from (298 to 443) K as shown
in Figure 6.5 where the absolute difference of the predictions from the DFT
from the measurements is displayed. It is very gratifying to observe that
the approach accurately reproduced the data to within 2 mN m−1 even at
high pressures. Some minor deviations can be observed when approaching
the critical point (i.e., at lower values of the interfacial tension). As with
other analytical equation of state approaches, the SAFT-VR-DFT approach
does not include a treatment of the density and composition fluctuations
that become significant in the critical region; it is therefore not surprising
that the critical temperature and pressure are slightly over-predicted. As a
consequence, the interfacial tension values are slightly displaced to higher
temperatures. It is expected that the application of a renormalization-group
theory with SAFT-VR will correct these deviations, as has been shown
in other work with SAFT-type equations for phase equilibria calculations
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Figure 6.5.: Difference between the experimental interfacial tension values
of the (n-decane + CO2) system and the SAFT-VR-DFT predictions as a
function of pressure at different isotherms: (s) at 298.0 K; (p) at 323.4 K;
(?) at 343.6 K; (v) at 373.5 K; (u) at 403.1 K; and (q) at 443.1 K.
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Figure 6.6.: Difference between the experimental interfacial tension values
of the (n-dodecane + CO2) system and the SAFT-VR-DFT predictions as a
function of pressure at different isotherms: (s) at 297.9 K; (+) at 313.4 K;
(p) at 323.2 K; () at 354.3 K; (v) at 376.0 K; (u) at 403.2 K; and (q)
at 443.1 K.
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Figure 6.7.: Difference between the experimental interfacial tension values
of the (n-hexadecane + CO2) system and the SAFT-VR-DFT predictions
as a function of pressure at different isotherms: (s) at 297.9 K; (+) at
313.5 K; () at 354.3 K; (u) at 403.1 K; and (q) at 443.1 K.
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[201, 202].
SAFT-VR-DFT interfacial tension predictions were also made for the
(n-dodecane + CO2) and (n-hexadecane + CO2) systems. For the former
good agreement, within 10 % relative deviation, was obtained over the whole
range of conditions as shown in Figure 6.6. The description is very similar
to that observed for the (n-decane + CO2) system. Considering that n-
decane and n-dodecane have the same kind of structure and only differ by
two methylene groups, one would expect a similar performance. In the
case of the (n-hexadecane + CO2) system, the SAFT-VR-DFT description
was still in good agreement with the experimental data, within 12 % relative
deviation, though the calculated interfacial tensions were slightly lower than
the experimental values, as shown in Figure 6.7. The underestimation of the
values for the interfacial tension seen at the lower temperatures could be a
consequence of the approach to the critical point of CO2, where deviations
are expected, though the effect is less marked for the mixtures with shorter
alkanes.
6.5. Summary
Interfacial tension measurements of three (n-alkane + CO2) systems have
been carried out, for temperatures ranging from (298 to 443) K and pres-
sures up to the critical points of each system. The experimental data were
fitted as functions of pressure by correlating equations for each isotherm
with an average absolute percentile deviation, AAD, of 2.5 %. The rel-
ative standard errors reported are in most cases less than 1.0 % and in
absolute terms less than ±0.2 mN m−1. The interfacial tension obtained
from theoretical calculations with the SAFT-VR-DFT approach were com-
pared with the experimental vapour-liquid interfacial tension data of these
systems. The SAFT-VR-DFT approach provided a description of the mea-
sured values to within an average absolute percentile deviation of 10.3 %.
The best agreement was found for the systems of (n-decane + CO2) and
(n-dodecane + CO2) with AAD = 8.0 % and AAD = 7.4 %, respectively,
while for the (n-hexadecane + CO2) system the corresponding value was
AAD = 11.3 %.
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7. Interfacial Tension Results:
(H2O + n-decane + CO2)
7.1. Introduction
The interfacial tension of (H2O + alkane + CO2) systems is a very relevant
property for CO2 sequestration in depleted reservoirs, as all three compo-
nents are likely to be present in such formations (Chapter 1). A number of
contributions have focused on measurements of binary (aqueous + hydro-
carbon) systems (Section 3.2.2), however, no literature sources were found
to have studied ternary systems with CO2 present as a third component.
The interfacial tension of three compositions of CO2 in the (H2O +n-
decane + CO2) system was investigated in the present work at different
isotherms up to 443 K, and at pressures above the miscibility pressures
for (n-decane + CO2), up to 50 MPa. Such conditions cover a wide pos-
sible range relevant to carbon storage and give further information as to
how a variation of the CO2 content in relevant fluids affects their interfa-
cial tension, which further influences the trapping potential of underground
formations. The results were compared to literature values where possible,
and a thermodynamic analysis of the dependence of the interfacial tension
on CO2 composition, as well as on the temperature, was discussed with re-
spect to the Gibbs surface excess concentration, and latent heat of interface
formation, respectively.
7.2. Experimental Procedure
Materials: The CO2 used was of CP grade, supplied by BOC in a liq-
uid withdrawal cylinder, with a mole fraction purity < 0.9995. The H2O
used was deionized, supplied by an ELGA Purelab Option-R1 water purifier,
1ELGA LabWater Global Operations. Address: Lane End, Industrial Park High
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which has specifications better than those of double distilled H2O (water
conductivity < 15 µS cm−1). The Purelab Option-R applies pretreatment;
reverse osmosis; ion exchange; photo-oxidation & recirculation as purifi-
cation processes. Hexane (BDH, Hull, UK), iso-propanol (Sigma-Aldrich,
Dorset, UK) and toluene (Sigma-Aldrich, Dorset, UK), used for cleaning
purposes, were of mole fraction purities > 0.95, 0.999 and 0.999, respec-
tively. All glassware was cleaned in concentrated KOH-isopropanol solution
and thoroughly rinsed with deionized H2O before use. This ensured that
no oil impurities would dissolve in the H2O phase during handling. The
n-decane used for the interfacial tension measurements was of mole frac-
tion purity > 0.990. Additional purification treatment was applied; the
n-decane was mixed in a sequence of steps with fresh activated alumina,
neutral (Sigma-Aldrich, Dorset, UK) for adsorption of oxidised forms of the
alkane that act as surfactants in an (aqueous + hydrocarbon) system.
Measuring protocol: The view-cell was filled with a measured quan-
tity (50 ml measured with a glass pipette) of n-decane using the right-hand
pressure generator “PG2” (see apparatus flow diagram in Figure 4.1). This
amount was enough for filling completely the view-cell and relevant tubings
until the separating valve “F”, allowing at the same time some additional
amount in the pressure generator for raising the pressure further. The left-
hand pressure generator “PG1” was completely filled with H2O, which was
isolated from the n-decane filled view-cell by valve “F”. The latter was
thereafter opened only for allowing a H2O drop to be created within the
view-cell and was immediately closed, isolating the unsaturated H2O phase
from the n-decane-rich phase. CO2 was introduced into the system via the
high pressure syringe pump connected to valve “G”, only for the purpose
of increasing the CO2 mole fraction in the n-decane-rich phase, and was
immediately closed when the appropriate amount was introduced. The sy-
ringe pump maintained the CO2 at a pressure of 10 MPa, in the liquid state,
and by monitoring the change of the volume in the pump when displacing
the CO2, the mass introduced to the system was calculated by multiplying
with its density, at the same conditions. The CO2 was introduced to the
system at ambient temperature, which was initially visible as it bubbled
up through the n-decane and accumulated at the top of the view-cell. By
further compressing the system using the right-hand pressure generator, the
Wycombe, HP14 3BY, UK. Tel.: +44 1494 887500. Email: info@elgalabwater.com
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gas phase dissolved into the liquid phase, bringing the three-component sys-
tem into the biphasic state. The system was allowed to equilibrate, usually
by leaving overnight, prior to creating H2O pendant drops for interfacial
tension measurements. For every state point, four consecutive drops were
created, each monitored for at least 900 s. The software was set to capture
frames every 4 s, which were all later analysed for the calculation of the
interfacial tension. After the creation of each drop, the drop shape analysis
of each frame revealed an initial transition period during which the inter-
facial tension dropped rapidly, similar to observations for the (H2O + CO2)
system of Chapter 5. A stable value for the present system, however, was
not as straightforward to achieve as for the (H2O + CO2) system. A per-
sistence in time dependence was observed which was more significant when
the n-decane was not purified. A purification step by which polar impurities
(surfactant-like) were removed from the n-decane was found to be necessary.
The difference in time evolution of the interfacial tension of the (H2O +n-
decane) system, observed for different steps of mixing the n-decane with
activated alumina prior to measurement, is shown in Figure 7.1, clearly
demonstrating its importance.
7.3. Results
The interfacial tension of the (H2O +n-decane) system and two composi-
tions of the (H2O +n-decane + CO2) system was measured in the temper-
ature range from (298 to 443) K for pressures up to 50 MPa. The values
reported, tabulated in Table D.3 of Appendix D: Interfacial Tension Data,
are the average interfacial tensions and corresponding standard deviations
of a large number of experimental points, collected after the creation of each
drop. As for previous systems, a time dependence of interfacial tension was
observed, from which the values considered were those between the first
and third minutes for the (H2O +n-decane) system, and between the fifth
and fifteenth minutes for the two ternary systems, usually for at least four
successive drops at each state point. The reasons for choice of these time
regions are discussed below.
The time dependence of the interfacial tension for this system appeared
to have a more significant effect on the determination of a static value than
for the previous systems studied. This is a common observation as impu-
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Figure 7.1.: Interfacial tension data of the (H2O +n-decane) system mea-
sured using the Wilhelmy plate method, as a function of time for different
steps of purification with activated alumina: (F) no purification; (A) after
single, and (@) after triple mixing of n-decane with fresh activated alumina.
The measurements were carried out at ambient conditions; p = 0.1 MPa and
T = 295 K.
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rities tend to migrate to (aqueous + hydrocarbon) interfaces and so affect,
most commonly by reducing, the interfacial tension [155, 157, 159, 160]. In
this case, less time was allowed for the binary system (that did not contain
CO2 as a third component requiring enough time to diffuse into the drop)
for acquiring the static interfacial tension values. This follows a similar ap-
proach as used by Susnar et al. [164] who are the only authors that report
dynamic interfacial tensions at elevated pressures and temperatures. Most
authors report static interfacial tension values (the value of the thermody-
namic property at equilibrium). However, the time dependence of interfacial
tension makes defining this static condition difficult and appears to be the
largest cause for the discrepancies between different works reported in the
literature. Thus, some consideration of the relevant processes that may
affect the measured value is appropriate.
The difference in time dependence of the interfacial tension observed
for the (H2O + [n-decane + CO2]), between the ambient pressure Wilhelmy
plate apparatus, and the high pressure pendant drop system, is shown in
Figures 7.1 and 7.2, respectively. In the ambient pressure apparatus, dif-
ferent number of purification steps employed for the n-decane are com-
pared with respect to the time dependence of the interfacial tension of the
(H2O +n-decane) system. This demonstrated that triple purification of
n-decane was sufficient, and necessary, for achieving a time independent
(thus no presence of oxidised alkane impurities) interfacial tension. The
time dependence of the interfacial tension in the high pressure apparatus,
determined for different H2O drops created in triply purified n-decane-rich
bulk phase, are shown for both ambient conditions (without CO2), and
elevated p and T (with CO2). It is apparent that for the ambient condi-
tions Wilhelmy plate apparatus, the triply purified n-decane demonstrates
minimal effect on the time dependence of the (H2O +n-decane) interfacial
tension. For the high pressure pendant drop apparatus, a small, continually
reducing trend was observed for the binary (H2O +n-decane) system, while
for systems containing CO2, a larger initial time dependence was usually
found (similar with that observed for the (H2O + CO2) system in Chapter
5), which stabilised at a quasi-static value, of slope similar with that of
the binary system (see Figure 7.2). The time dependence of the interfa-
cial tension in the binary system at large times, was assumed to be due to
the presence of trace amounts of impurities in the high pressure apparatus,
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Figure 7.2.: Interfacial tension data of the (H2O + [n-decane + CO2]) system
measured using the pendant drop method in the high pressure apparatus,
as a function of time for two different conditions: (F) for the (H2O +n-
decane) system at 297.9 K and 0.11 MPa; and (@) for the (H2O + [0.8n-
decane + 0.2 CO2]) system at 323.3 K and 14.10 MPa. The vertical lines
indicate the ranges over which the values recorded were used for the evalu-
ation of the average interfacial tension, earlier in time for systems without
CO2, and later for systems containing CO2.
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Figure 7.3.: Interfacial tension data of the (H2O +n-decane) system as a
function of pressure at different isotherms: (p) at 323.4 K; (v) at 374.5 K;
(u) at 403.1 K; and (q) at 442.9 K.
thus neglected from the calculation of the average interfacial tension. For
the ternary systems, the initial time dependence of the interfacial tension
observed was consistent with effects due to diffusion of CO2 across the H2O
– (n-decane + CO2) interface. Appropriate time was, therefore, allowed for
this to equilibrate, after which the average interfacial tension was obtained.
The time range over which the interfacial tensions recorded were used to
calculate the average values, are shown in Figure 7.2.
A first set of measurements was conducted without purification of the
n-decane. The interfacial tension of the binary (H2O +n-decane) system,
as obtained from this first set of measurements, is shown in Figure 7.3,
where the interfacial tension is plotted as a function of pressure for different
temperatures. These values were approximately 10 % lower than what would
be expected from literature data, demonstrating poor repeatability due to
the use of non-purified n-decane. This first set, however, not only showed
the significance of passing the alkane through activated alumina particles
before measurement, but also demonstrated that the pressure dependence
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Figure 7.4.: Interfacial tension data of the (H2O +n-decane) system as a
function of pressure at different isotherms: (s) at 297.9 K; (p) at 323.4 K;
(X) at 343.5 K; (v) at 374.5 K; (u) at 403.1 K; and (q) at 442.9 K.
of the interfacial tension was rather weak. A good understanding of how to
better introduce and measure the third, CO2, component was also gained
from this initial study of the (H2O +n-decane + CO2) system.
A second set of measurements was then carried out at the same condi-
tions and compositions as the original non-purified n-decane dataset. Since
the pressure dependence was known to be weak and essentially linear from
those initial measurements, fewer pressures were studied in this second set,
reducing the overall time-frame required for the study. Nonetheless the new
data were significantly more certain and reproducible than those of the first
set. Similar trends were obtained to those of the first set of measurements
at the various conditions and CO2 compositions, but the interfacial tension
values were higher, as expected. The results are shown in Figures 7.4 – 7.6
for molar fractions of CO2 in the n-decane phase of x=(0.0, 0.2 and 0.5),
respectively.
For the density difference of the two phases, the modelled H2O and n-
decane densities given in the National Institute of Standards and Technology
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Figure 7.5.: Interfacial tension data of the (H2O + [0.8n-decane + 0.2 CO2])
system as a function of pressure at different isotherms: (p) at 323.3 K; (v)
at 374.5 K; (u) at 403.2 K; and (q) at 443.1 K.
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Figure 7.6.: Interfacial tension data of the (H2O + [0.5n-decane + 0.5 CO2])
system as a function of pressure at different isotherms: (p) at 323.2 K; (v)
at 373.6 K; (u) at 403.2 K; and (q) at 443.2 K.
Chemistry Webbook [188] were used for the binary system, while SAFT-VR
was used to calculate the (n-decane + CO2) phase densities for the ternary
systems. The uncertainty of the displayed volume of the syringe pump was
± 0.05 ml; taking into account environmental effects, however, the proce-
dure was checked prior to the experiment by injecting CO2 directly into
the evacuated view-cell of fixed volume several times, obtaining an average
value of its volume with a standard deviation of 0.1 mL. The latter, at the
conditions of CO2 addition, corresponds to an uncertainty of the amount
added of ± 0.19 mol which relative to the CO2 amounts measured in the
present systems leads to an uncertainty in composition of ± 2.5 %.
The interfacial tension data, obtained for different isotherms, can be rep-
resented by linear correlations of the form
γ/(mN m−1) = a (p/MPa) + b, (7.1)
where p is the pressure and a, b are adjustable parameters. The parameters
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and correlation coefficients are summarised in Table 7.1.
Table 7.1.: Parameters for the linear correlation of the interfacial tension
data for the (H2O + [n-decane + CO2]) systems at different isotherms, for
the three molar fractions of CO2 in n-decane (cf. Equation 7.1).
T / K a · 103 b
H2O +n-decane
323.35 34.22 47.88
343.45 42.69 46.43
374.25 49.90 42.90
403.05 27.59 39.60
442.85 100.17 32.25
H2O + [0.8n-decane + 0.2 CO2]
323.25 – 38.97
374.45 – 37.34
403.15 65.27 32.59
443.05 77.69 27.82
H2O + [0.5n-decane + 0.5 CO2]
323.15 – 34.50
373.55 – 31.73
403.15 101.30 25.01
443.15 106.98 20.14
The obtained data, when plotted against the natural logarithm of the
global concentration of the third component (CO2), demonstrate a clear
decrease of interfacial tension with increasing concentration. This is shown
in Figures 7.7 and 7.8, where the interfacial tension at the three different
compositions measured is plotted for ambient pressure and for p=60 MPa,
respectively, as calculated from the fitting equations of parameters shown in
Table 7.1. The decrease of interfacial tension with increasing concentration
of CO2 suggests that preferential adsorption of CO2 at the (H2O – n-decane)
interface occurs. The Gibbs surface excess concentration, Γ, of CO2 was
calculated for the (H2O + [n-decane + CO2]) system, which is given by the
form [44, p.77], [203, p.102]
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Γ/(mol m−2) = − 1
RT
dγ
d ln (αCO2)
, (7.2)
where R = 8.314 ·103 mJ mol−1 K−1 is the gas constant and αCO2 the activ-
ity of CO2, taken here as equal to its bulk concentration, CCO2 , assuming an
activity coefficient of unity. The slopes dγ/d lnC, obtained from the experi-
mental interfacial tension values of the (H2O + [n-decane + CO2]) system at
different isotherms, gave the maximum surface excess concentrations, Γm, of
CO2. These values, along with the area per CO2 molecule occupied at the
interface, as well as the calculated Gibbs free energy of adsorption ∆G0ads
(see Equation 7.3) are summarised in Table 7.2.
Table 7.2.: Fitting parameters of the interfacial tension data for the
(H2O + [n-decane + CO2]) system as a function of increasing CO2 concen-
tration at different temperatures (see Equations 7.2, 7.3 and 7.4), for both
ambient pressure, and at p=60 MPa.
T/ K dγ/d lnC Γm · 10−6/mol m−2 Amolecule/ nm2 ∆G0ads/ KJ mol−1
Ambient Pressure
323 -3.347 1.25 75.0 -5.65
374 -4.207 1.35 81.4 -1.98
403 -5.680 1.69 102.1 -1.80
443 -5.757 1.56 94.2 -0.136
p=60 MPa
323 -3.347 1.25 75.0 –7.35
374 -4.207 1.35 81.4 -4.46
403 -4.059 1.21 73.0 -1.54
443 -4.440 1.21 72.6 -2.26
For the calculation of the Gibbs free energy of adsorption, ∆G0ads, the
Szyszkowski equation [198, p.44], based on the Langmuir adsorption isotherm
[44, p.394], was first fitted to the measured interfacial tension values. The
associated constant Kad of this equation, shown below, can then be used for
the calculation of the Gibbs free energy of adsorption (see Equation 7.4).
The Szyszkowski equation is given by the form
γ = γ0 − RT
A
ln (1 +KadCCO2) , (7.3)
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were A (m2 mol−1) is the molar surface area occupied by CO2 andKad its ad-
sorption constant. It must be noted that this relation usually applies to the
adsorption of surfactant molecules at interfaces, also used in this work for
the determination of relevant parameters for the (H2O + DTAB +n-decane)
system studied in Chapter 8. It is however applied for the present system
as well, in light of its ability in representing the acquired interfacial tension
values as a function of CO2 concentration, maintaining some reservations
on the physical meaning of the fitting parameters.
The dependence of the interfacial tension upon concentration of CO2 in
the system, is plotted at various isotherms as a function of the natural log-
arithm of the CO2 concentration, at ambient pressure in Figure 7.7 and
at p=60 MPa in Figure 7.8 (values obtained from the fitting equations of
interfacial tension as function of pressure - see Table 7.1). The continuous
curves, shown in the two figures, correspond to the fitted Szyszkowski equa-
tion, demonstrating its applicability in this case. It is remarkable how well
the equation represents the values, fitted essentially for only two points of
different CO2 concentrations, plus the γ0 value, given as a constant, ob-
tained from interfacial tension of the binary (H2O +n-decane) system. The
decreasing trend of the interfacial tension with increased CO2 content is
observed and, moreover, it is seen that different isotherms are shifted closer
together, as the temperature dependence becomes less significant for higher
pressures (also observed in Figures 7.4 – 7.6).
Table 7.3.: Fitting parameters of the interfacial tension data for the
(H2O + [n-decane + CO2]) system as a function of increasing CO2 concen-
tration (see Szyszkowski Equation 7.3), at different temperatures for both
ambient pressure, and at p=60 MPa. The standard error σ is that between
the measured values and the fitted Szyszkowski equation.
T/ K A/(m2 mol−1) Kad γ0/(mN m−1) σ
Ambient Pressure
323 803,137.096 8.175 47.88 0.10
374 739,634.535 1.892 42.90 0.41
403 589,981.436 1.710 39.60 0.60
443 639,538.107 0.964 32.25 0.96
p=60 MPa
323 803,137.096 15.398 49.93 0.10
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Table 7.3.: Fitting parameters of the interfacial tension results for the
(H2O + [n-decane + CO2]) system continued...
T/ K A/(m2 mol−1) Kad γ0/(mN m−1) σ
374 739,634.535 4.197 45.90 0.20
403 825,489.120 1.585 41.26 0.46
443 829,289.720 1.846 38.26 0.44
The values obtained for the molar surface areas, adsorption constants
and fitting errors for the Szyszkowski equation to the interfacial tension
data are given in Table 7.3. The standard error was calculated using
σ2 =
∑
(γi − γS)2/(j − n), where γi is the measured interfacial tension
at each state point, γS the corresponding fitted interfacial tension using the
Szyszkowski equation, j the number of state points and n the number of
fitting parameters. Using the fitted adsorption constant Kad, the Gibbs free
energy of adsorption for CO2 can be calculated by
∆G0ads = −RT lnKad, (7.4)
the values of which are listed together with the respective Gibbs surface
excess concentration of CO2 in Table 7.2.
The temperature dependence of the interfacial tension at constant pres-
sure can be directly related to the latent heat of interface formation. The
relation can be obtained by the derivation of the thermodynamic expression
of interfacial tension at constant pressure [39, p.12], as
− dγ/dT = LA/T (= ∆SA), (7.5)
where LA is the latent heat of interface formation. From Equation 7.5,
the relation between the interfacial tension and the natural logarithm of
temperature becomes
− dγ/d ln(T ) = LA. (7.6)
The interfacial tension, measured for the three different compositions of
CO2 in the (H2O + [n-decane + CO2]) system, is plotted against the natu-
ral logarithm of temperature for two isobars, at ambient pressure and at
p=60 MPa (values obtained from the fitting equations of the interfacial ten-
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Figure 7.7.: Interfacial tension data of the (H2O + [n-decane + CO2]) system
as a function of the natural logarithm of the concentration of CO2 at am-
bient pressure for different isotherms: (p) at 323.4 K; (v) at 374.5 K; (u)
at 403.1 K; and (q) at 442.9 K. Lowest concentration points correspond
to the values for the binary (H2O +n-decane) system. Continuous curves
correspond to the fitted Szyszkowski equation.
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Figure 7.8.: Interfacial tension data of the (H2O + [n-decane + CO2]) system
as a function of the natural logarithm of the concentration of CO2 at p =
60 MPa for different isotherms: (p) at 323.4 K; (v) at 374.5 K; (u) at
403.1 K; and (q) at 442.9 K. Lowest concentration points correspond to
the values for the bianary (H2O +n-decane) system. Continuous curves
correspond to the fitted Szyszkowski equation.
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Figure 7.9.: Interfacial tension data of the (H2O + [n-decane + CO2]) system
as a function of the natural logarithm of temperature at ambient pressure
for different CO2 molar fractions in the n-decane phase: (s) at xCO2=0,
(v) at xCO2=0.2, and (u) at xCO2=0.5.
sion as function of pressure - see Table 7.1) in Figures 7.9 and 7.10. It
was observed that for the binary system (no CO2 addition) the interfacial
tension does indeed have a linear temperature dependence at both ambi-
ent pressure, as expected from the established temperature dependence of
interfacial tension, and at high pressure. In the case of the two ternary sys-
tems, however, the interfacial tension was less dependent on temperature
at ambient conditions, while appeared to gradually obtain a negative slope,
similar to that of the binary system, at elevated temperatures.
The mean latent heat of interface formation was estimated from the re-
sults of the present system by calculating the mean slope of the interfacial
tension against the natural logarithm at each temperature, by fitting the
data to
γ/(mN m−1) = a ln (T/K)2 + b ln (T/K) + c, (7.7)
at both ambient pressure and at p=60 MPa, for the different compositions
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Figure 7.10.: Interfacial tension data of the (H2O + [n-decane + CO2]) sys-
tem as a function of the natural logarithm of temperature at p=60 MPa
for different CO2 molar fractions in the n-decane phase: (s) at xCO2=0,
(v) at xCO2=0.2, and (u) at xCO2=0.5.
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of CO2. These are tabulated in Table 7.4, along with the respective fitting
equations and the standard errors, calculated using σ2 =
∑
(γi − γf)2/(j −
n), where γi is the measured interfacial tension at each state point, γf the
corresponding fitted interfacial tension using Equation 7.7, j the number of
state points and n the number of fitting parameters.
Table 7.4.: Fitting parameters of the interfacial tension data for the
(H2O + [n-decane + CO2]) system as a function of increasing temperature
(see Equations 7.7 and 7.5), for different CO2 concentrations at both ambi-
ent pressure and at p=60 MPa. The standard error σ is that between the
measured values and the fitted quadratic equation.
xCO2 a b · 103 c · 103 σ LA/ mJ m−2
Ambient Pressure
0.0 -53.73 0.586 -1.546 0.92 46.9
0.2 -117.47 1.357 -3.884 0.67 0 < LA < 56 (L
A
= 36)
0.5 -112.50 1.287 -3.650 1.16 0 < LA < 68 (L
A
= 47)
p=60 MPa
0.0 -33.24 0.355 -0.891 0.81 39.6
0.2 -73.18 0.848 -2.422 0.39 0 < LA < 29 (L
A
= 19)
0.5 -61.13 0.701 -1.978 0.59 0 < LA < 32 (L
A
= 24)
The latent heat of interface formation appeared to reduce with increasing
pressure, as compared between that for ambient and p=60 MPa. For the
systems containing CO2, the latent heat of interface formation is a function
of temperature, with values ranging from 0 to 68. A comparison between the
calculated values assuming an average slope of interfacial tension with the
natural logarithm of temperature, showed that at xCO2=0.2 the lowest latent
heats were obtained for both ambient and elevated pressures. Michaels and
Hauser [160], and Jennings [162], both reported latent heats of interface
formation for the binary (H2O +n-decane) system, to be 23 mJ m
−2 and
38 mJ m−2, respectively. These values are consistent with the latent heats
(46.87 and 39.56) mJ m−2 found in this work for the two pressure ranges.
The significance of the latent heat of interface formation, the heat absorbed
by the interface per increased unit area to maintain its temperature, is that
when added with the interfacial tension of the system, it results in the
total energy required for the formation of a unit interface. Thus, it means
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that the tension may be smaller at a particular state point than another,
but the total energy required (including heat transfer) for the formation of
interfacial area may be larger.
A comparison between the literature values for the binary (H2O +n-
decane) system with the interfacial tension values obtained in the present
work is shown in Figures 7.11 and 7.12 for temperature ranges from (298
to 353) K and (353 to 473) K, respectively. At ambient temperature good
agreement is seen between the value obtained in the present work and those
of Cai et al. [166], Susnar et al. [164] and Wiegand et al. [165], while the
ones of Jennings et al. [162], and especially those of Michaels et al. [160], are
significantly lower (-10 %). At higher temperatures, the values of Wiegand
et al. [165], Jennings et al. [162] and Michaels et al. [160] persist in being
lower than those of the present work; Cai et al. [166] and Susnar et al. [164]
did not investigate higher temperatures.
7.4. Summary
Interfacial tension measurements have been performed for the (H2O + [n-
decane + CO2]) system at varying CO2 concentrations for isotherms up to
443 K and pressures up to p = 50 MPa. The data have been fitted as a
function of pressure by linear correlations, while data on the same isobars
were used to demonstrate the relations between the interfacial tension and
temperature, and CO2 composition. The dependence of interfacial tension
upon temperature was used to calculate the latent heat of interface for-
mation, while the parameters of the Szyszkowski equation, fitted to the
interfacial tension as a function of CO2 composition, provided values of
surface excess concentrations (and area per molecule at the interface), as
well as the Gibbs free energy of adsorption of CO2 at the (H2O – n-decane)
interface for different temperatures. Agreement with previous literature val-
ues, available only for the binary (H2O +n-decane) system, was found to
be reasonable at ambient pressures, while at higher pressures the literature
values were usually lower than those of the present work. The presence
of impurities in high pressure systems and/or the fluids used, will in most
cases reduce the interfacial tension of an (aqueous + hydrocarbon) inter-
face, an effect associated with the main reasons for the discrepancies seen in
the literature. Earlier contributions implementing less effective, or no pu-
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Figure 7.11.: Interfacial tension data of the (H2O +n-decane) system com-
pared to literature values: present work (s) at 297.9 K, (p) at 323.4 K,
and (X) at 343.5 K; and literature values from Cai et al. [166] (C) at
298.0 K, and (@) at 323.2 K; Susnar et al. [164] (C) at 294.7 K; Wiegand
et al. [165] (Cﬂ) at 295.0 K, and (Fﬂ) at 353.0 K; Jennings et al. [162] (B)
at 298.2 K; and Michaels et al. [160] (A) at 296.70 K, (@) at 323.3 K, and
(@ﬂ) at 354.1 K. For Michaels et al. [160] and Jennings et al. [162] the data
points were inferred from graphs.
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Figure 7.12.: Interfacial tension data of the (H2O +n-decane) system com-
pared to literature values: present work (v) at 374.5 K, (u) at 403.1 K,
and (q) at 442.9 K; and literature values from Wiegand et al. [165] (Fﬂ)
at 353.0 K, (Eﬂ) at 423.0 K, and (Aﬂ) at 473.0 K; Jennings et al. [162] (Bﬂ)
at 373.2 K, and (B) at 449.2 K; and Michaels et al. [160] (@ﬂ) at 354.1 K,
(F) at 383.9 K, and (F) at 404.9 K. For Michaels et al. [160] and Jennings
et al. [162] the data points were inferred from graphs.
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rification treatments [160, 162], demonstrated the largest differences with
values of more recent works [164–166] and with the values presented here
where more attention was given to the removal of impurities. The use of
the data to study the interfacial thermodynamic properties and the anal-
ysis method for determining derived properties of the ternary system was
a novel contribution. Relevant to reservoir processes, the extent to which
the interfacial tension of the (H2O +n-decane) system reduces by addition
of CO2 (thus reducing hydrocarbon saturation), readily links to the de-
crease of capillary forces (ie. capillary pressure - see Section 2.7) resisting
hydrocarbon displacement through porous media. At the same time, the
fact that the interfacial tension of the (H2O + [n-decane + CO2]) system in-
creases with increasing hydrocarbon content and is larger than that of the
binary (H2O + CO2) system (see Chapter 5), indicates that carbon storage
should not be negatively affected from the presence of residual hydrocarbon
phases in a storage site. These measurements of interfacial tension for the
ternary system at conditions relevant to enhanced oil recovery and carbon
storage have been carried out as a first step towards more realistic modelling
of such processes.
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8. Micro-Computer Tomography
(µ-CT) Study: Immiscible
Displacements in Porous Media
8.1. Introduction
The interfacial tension between aqueous, hydrocarbon and CO2 phases at
representative reservoir conditions has been measured in the context of its
relevance for carbon storage and enhanced oil recovery processes. Under-
standing how the interfacial tension, coupled with the wetting behaviour of
the fluids, affects their distribution in porous media requires complex reser-
voir modelling tools, combining both fluid thermophysical properties and
porous network multiphase flow modelling.
As a first step in the investigation of the direct effect of interfacial ten-
sion on the trapping potential of a non-wetting phase (CO2 or hydrocarbon)
in porous rocks, a model porous medium was used for conducting micro-
computer tomography (µ-CT) multiphase flow (core flooding) experiments
at different interfacial tensions of the (H2O +n-decane) two-phase system.
The interfacial tension was varied by addition of a water-soluble surfactant
(DTAB), which provided the possibility of reducing the interfacial tension
without affecting other properties of the fluids; all experiments were carried
out at ambient conditions. The work was carried out during a two-month
secondment at Shell International Exploration and Production B.V, Ri-
jswijk, the Netherlands, in the laboratory facilities of the Rock and Fluid
Physics group.
8.2. Interfacial Tension Measurements
Materials: The H2O used was deionized, supplied by an ELGA Pure-
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lab Option-R1 water purifier, which has specifications better than those
of double distilled H2O (water conductivity < 15 µS cm−1). The Pure-
lab Option-R applies pretreatment; reverse osmosis; ion exchange; photo-
oxidation and recirculation as purification processes. Acetone (BDH, Hull,
UK), used for cleaning purposes, was of mole fraction purity > 0.99. All
glassware was cleaned in concentrated KOH-isopropanol solution and were
thoroughly rinsed with deionized H2O before use. This ensured that no
oil impurities would dissolve in the H2O phase during handling. The n-
decane (Sigma-Aldrich, Dorset, UK) used for the interfacial tension mea-
surements was of mole fraction purity > 0.990. An additional purification
treatment was applied, by which the n-decane was mixed in a sequence of
steps with fresh activated alumina, neutral (Sigma-Aldrich, Dorset, UK) for
adsorption of oxidised forms of the alkane that can act as surfactants in an
(aqueous + hydrocarbon) system (see Chapter 7 for further information on
its importance to interfacial properties). The cationic water-soluble surfac-
tant dodecyl trimethyl ammonium bromide, DTAB, (Acros Organics N.V.
– Thermo Fisher Scientific, Geel, BE) and X-ray contrast salt caesium chlo-
ride, CsCl, (Fisher Chemical – Thermo Fisher Scientific, Fairlawn, USA)
were of molar purities > 0.99; no additional purification was applied.
Measuring protocol: As a first step, interfacial tension was studied
at ambient conditions, over a wide surfactant concentration range for the
([H2O + DTAB] +n-decane) system, using a tensiometer implementing the
Wilhelmy plate method (see Section 2.8.1). The tensiometer used was a
Kru¨ss K100-MK1 with a resolution of 0.001 mN m−1. The apparatus oper-
ates at ambient pressure and at temperatures ranging from (263 to 400) K,
regulated by a separate thermal bath, controlled and monitored with a
PRT 100 Ω temperature sensor with a 0.01 K resolution. The balance linked
to the Wilhelmy plate measuring the tensile force exerted by the interface,
was calibrated with a reference weight, achieving a resolution of 10 µg and
a measuring range up to 210 g. This corresponds to a range in interfa-
cial tensions from (1 to 103) mN m−1, with a resolution of 10−3 mN m−1.
For the purposes of the current measuring study, measurements at ambient
conditions were sufficient; p = 0.1 MPa and T = 295 K. The theoretical
background of the method is described in Section 2.8.1.
1ELGA LabWater Global Operations. Address: Lane End, Industrial Park High
Wycombe, HP14 3BY, UK. Tel.: +44 1494 887500. Email: info@elgalabwater.com
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For determining the liquid/fluid interfacial tension with the current ap-
paratus, a cylindrical glass container of inner diameter D = 66.5 mm and
height H = 35 mm was used, filled with the system to be measured. For the
determination of the surface tension of a single fluid, the addition of 5 mL
of the fluid into the vessel was sufficient for the measurement to proceed.
For interfacial tension measurements between two fluids, however, the vol-
ume of the less dense fluid phase had to exceed 50 mL to allow the plate
to balance its weight while submerged into the upper phase, prior to lower-
ing it until contact with the interface was achieved. With this method, no
knowledge of the fluid densities is, therefore, required. The apparatus was
first validated by measuring the surface tension of H2O; this was found to
be 72.40 ± 0.02 mN m−1 which is in line with the expected values [204] at
T = 295 K. It was then applied to measuring the interfacial tension of the
(H2O +n-decane) system. As shown in Figure 7.1 a strong time dependence
was observed for the binary system when the alkane was not purified. Fol-
lowing the observations of other authors [154–159], n-decane was purified by
using activated alumina particles. The difference between the non-purified
and the purified n-decane with respect to the interfacial tension is clearly
observed in Figure 7.1 where the time independent value has an average
of 51.24 ± 0.02 mN m−1, well within the range reported in the literature
[155, 157, 159, 160, 164, 166], as shown in Table 3.2.
Having validated the apparatus, measurements of interfacial tension of
the ([H2O + DTAB] +n-decane) system as a function of surfactant concen-
tration followed. The surfactant was initially introduced into 500 mL of
H2O in a glass flask at a concentration of 10 g L
−1 (0.0325 mol L−1), from
which portions of 50 ml were withdrawn for each measurement. When suf-
ficient measurements had been performed for a particular concentration (at
least three times), additional H2O was added to the original flask to dilute
the aqueous solution to yield different DTAB concentrations. Dedicated
glass pipettes for every phase (H2O, [H2O +DTAB] and n-decane) were
used, and when moving to different DTAB concentrations, were cleaned
using iso-propanol and subsequently rinsed with H2O, acetone and then
dried before re-use. When the lowest DTAB concentration measured was
reached (7.42 mg L−1 or 2.4 · 10−5 mol L−1), the X-ray contrast salt CsCl
was added to measure the interfacial tension of the most dilute in surfac-
tant point for the ([H2O + CsCl-4wt% + DTAB] +n-decane) system. For
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all higher DTAB concentrations, fresh solutions were prepared each time
by appropriate addition of CsCl and DTAB. Consequently, the smallest
amount of DTAB weighed was 7.42 mg for preparing the 74.2 mg L−1 (2.4 ·
10−4 mol L−1) concentration, of the CsCl-4wt% aqueous solution. Sartorius
2001 MP2 (± 0.01 mg) and A&D GH-252 (± 0.1 mg) balances were used for
weighing the necessary amounts, usually reproduced to within (0.03 and
0.3) mg, respectively.
The interfacial tension of the measured systems were monitored for at
least 1,000 s, within which a stable value was reached. The average values
recorded between (600 and 1,000) s for all repetitions at each concentration
are summarised in Table D.4 of Appendix D: Interfacial Tension Data, for
the selected concentrations of DTAB, both without and in the presence of
CsCl-4wt%. The data are discussed in Section 8.4.
8.3. Core Flooding Experiments
Measuring protocol: The apparatus used, described in Section 4.2, com-
prised a sintered-glass porous core, into which n-decane and H2O phases
were introduced from the top side, and were produced from the lower side
of the core by appropriate pumping configuration. The interfacial tension of
the two phases was varied by addition of DTAB, and measured as described
in Section 8.2. The addition of DTAB enabled the densities and viscosities
of the phases to remain practically constant, so that solely capillary effects
could be investigated. In particular, the capability of the porous media in
retaining the non-wetting phase trapped by capillary forces was the primary
focus of this investigation, for different compositions of the wetting fluid.
The heavy salt CsCl was used for doping the aqueous phase, which was
essential to guarantee good contrast between the two phases in the µ-CT
scanner.
A sequence of flooding experiments was conducted for three different con-
centrations of DTAB spanning a whole range of interfacial tension values
from (2 to 52) mN m−1 (Figure 8.1), for (i) an initially n-decane saturated
core, and (ii) for a core previously brought to irreducible water saturation.
The different flooding experiments conducted were in the order shown in
Table 8.1.
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Table 8.1.: Sequence of different flooding experiments conducted. The
term brine corresponds to (H2O + CsCl-4wt%), surf1 to (H2O + CsCl-
4wt% + DTAB-74.2 mg L−1) and surf2 to (H2O + CsCl-4wt% + DTAB-
4.45 g L−1) at respective amounts injected in PV = pore volume of the core.
No. Saturation step Drainage step (100PV ) Imbibition step (xPV )
1. brine → n-decane → brine
2. n-decane → – brine
3. n-decane → – surf1
4. surf1 → n-decane → surf1
5. n-decane → – surf2
6. surf2 → n-decane → surf2
The solution surf1 was obtained by dilution of surf2 using the Quizix
pump to add 4.241 mL of surf2 into 250 mL of H2O. The solution surf2 was
prepared by weighing 1.113 g of DTAB, which was added into 250 mL of
H2O.
For every experiment, the core was first flooded by iso-propanol using a
back pressure of 0.5 MPa at various flow rates, injecting at least 200PV
(pore volumes) to ensure the removal of any compounds remaining from
previous experiments. The system was subsequently put under vacuum
overnight for drying. A tomography of the dry core was obtained using
the µ-CT scanner prior to starting each experiment, which provided with
the reference dry scan of the porous medium each time (comparison be-
tween these could later indicate if possible residual contamination by salt
precipitation or other deviations were significant). The core was then sat-
urated by injecting the appropriate fluid with a back pressure of 0.5 MPa
for an excess of approximately 20PV to ensure that possible vapour phases
were dissolved and flushed out of the system. All flooding experiments were
performed at a constant flow rate of 1 ml min−1, with a back pressure of
0.2 MPa, until the required amounts were introduced, at which point the
injection was stopped. 5 min were allowed before the inlet and outlet valves
were closed to enable the pressure to equilibrate. Tomography scans of the
core at three different positions along its length were then conducted, each
requiring approximately 20 min to complete. Following the completion of
the tomography scans of all three positions for a particular PV condition,
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further injection continued until a different PV values was obtained and µ-
CT scans were repeated. Usually the tomography scans were conducted at
(1, 5, 20 and 30)PV of introduced aqueous phase into either the n-decane
saturated core, or the core previously brought to an irreducible water con-
centration.
8.4. Results
Interfacial Tension Measurements
The ([H2O + CsCl-4wt% + DTAB] +n-decane) system was investigated
with respect to variation in the interfacial tension over a wide range of
DTAB concentration, at ambient conditions; p = 0.1 MPa and T = 295 K.
The interfacial tension was determined using the Wilhelmy plate method
(see Section 8.2). The data can be represented with an average absolute per-
centile deviation of 1.8 % for the ([H2O + DTAB] +n-decane), and 2.9 % for
the ([H2O + CsCl-4wt% + DTAB] +n-decane) system as linear correlations
of the logarithm of DTAB concentration of the form
γ/(mN m−1) = a ln
(
CDTAB/mol L
−1)+ b, (8.1)
where CDTAB is the surfactant concentration, and a and b are adjustable
parameters. The linear correlation applies within lower and upper concen-
tration limits, outside of which the interfacial tension retains a constant
value, γ0, at virtually no-surfactant concentration and γ1 at CDTAB higher
than the critical micelle concentration (CMC). The interfacial tension shown
in Figure 8.1 at a DTAB concentration of 10−17 mol L−1, corresponds to the
measured values for the (H2O +n-decane), and ([H2O + CsCl-4wt%] +n-
decane) systems, at zero surfactant concentration. The expected trend of
the interfacial tension with decreasing logarithm of concentration is ex-
pected to deviate from linearity, as shown in Figure 8.1 with bold lines
(Szyszkowski equation discussed below); straight correlating lines are also
adopted to guide the eye. The correlation coefficients as well as the constant
interfacial tension values for each region are summarised in Table 8.2.
It is observed that |dγ/d lnC|, within the region of applicability, is larger
for the ([H2O + CsCl-4wt% + DTAB] +n-decane) system. However the lower
and upper (CMC) concentration limits of DTAB appear to be shifted when
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Figure 8.1.: Interfacial tension data of the ([H2O +DTAB] +n-decane) (p),
and of the ([H2O + CsCl-4wt% + DTAB] +n-decane) (v) systems as a func-
tion of DTAB concentration. Straight lines correspond to linear correlations
of the relevant interfacial tension values and bold line to the Szyszkowski
equation as fitted for the ([H2O +DTAB] +n-decane) system. The mea-
surements were carried out using the plate method at ambient conditions;
p = 0.1 MPa and T = 295 K.
CsCl is added, giving a narrower range for the linear correlation. The CMC
measured for the ([H2O + DTAB] +n-decane) system is in agreement with
that expected from the literature [158, 198]. According to Aveyard [158]
the CMC of DTAB in H2O should be 1.6 · 10−2 mol L−1 (4.9 g L−1) which
corresponds to a natural logarithm of −4.13 which is very well within the
range of abrupt change of the interfacial tension observed here (see Figure
8.1 and Table D.4). In fact using the fitted linear correlation, this concentra-
tion corresponds to an interfacial tension of γ = −4.62 ln(0.016) − 16.79 =
2.30 mN m−1, which is in excellent agreement with the present results.
From the obtained interfacial tension data the Gibbs surface excess con-
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centration, Γ, [44, p.77], [203, p.102] can be calculated by
Γ/(mol m−2) = − 1
RT
dγ
d ln (αDTAB)
, (8.2)
where R = 8.314 · 103 mJ mol−1 K−1 is the gas constant and αDTAB is the
activity of DTAB assumed here equal to its bulk concentration using an
activity coefficient of unity. The interfacial tension values obtained for
the ([H2O + DTAB] +n-decane) system gave a slope of dγ/d lnC = −4.62,
which resulted in a maximum surface excess of Γm = 1.86 · 10−6 mol m−2.
The surface excess concentration translates to a surface area per molecule
Amolecule = 0.89 nm
2. Although no experimental values in the literature
were found to compare for the surface excess concentration and molecular
cross-sectional area, both appear to be of the expected orders of magnitude
when compared to the reported values by Rosen for the ([H2O + DTAB] + air)
system [198, p.223].
The Szyszkowski equation, based on the Langmuir adsorption isotherm
[44, p.394], given as
γ = γ0 − RT
A
ln (1 +KadCDTAB) , (8.3)
where A = 538 ·103 m2 mol−1 is the molar surface area (Amolecule = A/NAV)
occupied by DTAB and Kad is the adsorption constant of DTAB, was used
to represent the measured values of the ([H2O + DTAB] +n-decane) system.
The equation was fitted to the interfacial tension experimental values with
an absolute standard error σ = 0.39, resulting in a value for the adsorption
constant of DTAB Kad = 2.66 · 106. The Gibbs free energy of DTAB
adsorption at the (H2O +n-decane) interface, ∆G
0
ads, given by
∆G0ads = −RT lnKad, (8.4)
was, therefore, found to be ∆G0ads = −36.8 KJ mol−1, which is within the
expected range compared to values of adsorption for similar surfactants, as
summarised by Rosen for ([H2O + surfactant] + air) systems [198, p.90].
No attempt was made to consider the concentration of CsCl when cal-
culating the corresponding properties for the ternary ([H2O + CsCl-4wt% +
DTAB] +n-decane) system. These were found to be Γm = 2.30·10−6 mol m−2
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(A = 434·103 m2 mol−1) and Kad = 2.89·105, fitted to the interfacial tension
experimental values with an absolute standard error of σ = 0.57, while the
Gibbs free energy of adsorption was found to be ∆G0ads = −31.3 KJ mol−1.
A decrease in the CMC and Gibbs free energy of adsorption, with conse-
quent increase in the surface excess concentration of DTAB, is observed
when heavy salt CsCl is added to the ([H2O + DTAB] +n-decane) system.
This can be due to the influence of the added CsCl on the dissolved DTAB
ions, as the electrical repulsions between the surfactant ions of same charge
decreases by the presence of smaller salt ions [198, p.145].
Core Flooding Experiments
For the calculation of the n-decane saturations, a filtering method was
applied to the tomography scans for removing background noise. This was
found to be necessary as from preliminary analysis of the original scans,
the resulting saturations were in the range of 70 %, which is unexpectedly
high. The open source ImageJ © public domain software was used for all
adjustments and analysis of the scanned images.
The filtering method applied used the FFT bandpass filter, which removed
segments smaller than 5 or larger than 640 pixels, followed by a segmentation
algorithm that determines where the boundaries between the phases are and
thresholds all values below and above that interface. For the dry scans the
Li threshold tool was used while for the scans with injected fluids the Max-
Entropy, followed by the RenyiEntropy tool, was used. These procedures
produced more sensible results with regards to the saturations calculated
and proved to agree well with the experimentally determined porosity of the
rock sample, which was found to be 32.7 %. As shown in Figure 8.2 a slice
of the acquired tomography of the core, after filtering, provided the porous
structure of the core, as well as the boundaries between the two co-existing
fluid phases. Having produced such segmented slices, further visualisation
in 3D was made possible, shown in Figures 8.7 – 8.8. The optimal filtering
procedures and 3D reconstructions made using Avizo® Fire were provided
by Steffen Berg from Shell International Exploration and Production B.V.
The influence of the interfacial tension on the trapping potential of the
glass porous core studied here is shown in Figures 8.3 and 8.4 where the av-
erage n-decane saturation at the lowest scanned position of the core (“bot-
tom” section annotated in Figure 4.9) is compared between experiments at
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Figure 8.2.: Filtering of a CT-scanned image. From left to right an acquired
scanned slice is filtered to obtain the pore space (shown in black) and the
n-decane non-wetting phase (shown in orange) distributed within the core
(shown in white).
three distinct pore volumes, PV = 1, 5 and 30 (PV = injected volume/total
porous volume or Vin/Vtotal). The experiments are abbreviated according to
sequence of injection steps, where V is vacuum, B is brine, D is n-decane,
and S1 and S2 are the two surfactant solutions. Two different flooding
procedures were followed (see Table 8.1).
In the first case, the core was saturated initially with the respective aque-
ous solution (wetting phase), which was subsequently brought at an irre-
ducible saturation by flooding with 100PV of n-decane (non-wetting phase)
before commencing injection (results shown in Figure 8.3). In the second
case, injection of the respective aqueous solution was conducted directly
into the saturated with n-decane core (results shown in Figure 8.4). Com-
parison of the obtained n-decane saturations for the two different flooding
procedures shows that in the case of direct injection of the wetting fluid
(aqueous solution) into the n-decane saturated core the values are on aver-
age 50 % lower than what was found for the case of the core being initially
saturated with the aqueous (wetting) phase. This indicates that better dis-
placement is achieved when the core is initially saturated by the non-wetting
phase, whereas if the core is initially brought in contact with the wetting
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Figure 8.3.: Average saturations for n-decane calculated at the lowest scan
position from the inlet (“bottom” section annotated in Figure 4.9), for
different amounts of injected fluid. From left to right the coloured columns
correspond to injected fluid B, S1 and S2, respectively. Injection was carried
out into pre-saturated cores with the same fluid as the one injected each
time, that were brought prior to injection, at an irreducible saturation by
flooding with 100PV of n-decane.
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Figure 8.4.: Average saturations for n-decane calculated at the lowest scan
position from the inlet (“bottom” section annotated in Figure 4.9), for
different amounts of injected fluid. From left to right the coloured columns
correspond to injected fluid B, S1 and S2 respectively. Injection was carried
out directly into pre-saturated cores with n-decane.
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Figure 8.5.: Average saturations for n-decane calculated at the lowest scan
position from the inlet (“bottom” section annotated in Figure 4.9), for
different amounts of injected fluid, as a function of the capillary number.
phase, the consequent flooding with the non-wetting fluid (n-decane) that
achieves an irreducible wetting phase saturation, most likely forces the re-
maining aqueous phase to distribute as a film over the substrate’s surface,
throughout the core. Such a film must aid further injected wetting fluid in
passing through the core, which by gradually swelling results in less efficient
displacement but, at the same time, in more trapping of the non-wetting
phase. The calculated saturations appeared to decrease with injected PV
for both procedures and for all solutions apart for the case of injected S2
were the saturation appeared to slightly increase. This however may very
well be within the range of the accuracy of the measurement. In general the
saturations at PV = 1 may be less certain than for higher injected amounts
as the relative uncertainty of the injected amount in this case is larger.
An empirical correlation between the residual saturation of a fluid phase
into a porous medium, after displacement by a second fluid, and their inter-
facial tension is usually observed for porous media as described in Section
2.7. This is expressed as a function of the capillary number (Ca), given in
the form
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Figure 8.6.: Average saturations for n-decane calculated at the lowest scan
position from the inlet (“bottom” section annotated in Figure 4.9), for
different amounts of injected fluid, as a function of the capillary number.
Ca =
µV
γ
, (8.5)
were µ is the viscosity of the injected fluid (here assumed to be 1 Pa s), γ the
interfacial tension between the two fluids and V the effective flow speed of
the injected fluid. The latter is approximated to be V = Q/Aφ, where Q is
the volumetric flow rate, A the available cross-sectional area perpendicular
to the flow and φ the porosity of the medium. Considering a porosity of
32.7 %, the cross-sectional area of the core being 100 mm2 and a flow rate of
1 mL min−1, the capillary number was calculated to be in the range between
(10−5 and 10−4) for the different interfacial tensions examined in this work.
The n-decane saturation at different injected PV was plotted against the
logarithm of the capillary number, shown in Figures 8.5 and 8.6 for the
different flooding procedures, respectively. The expected range of capillary
number at which the residual saturation of the non-wetting phase becomes
a function of Ca, decreasing linearly with logCa, is 10−5 − 10−6 [16, p.70].
This is illustrated in Figure 2.6 of Section 2.7, the relevant curve of which
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(a) PV = 0 (b) PV = 1
(c) PV = 20 (d) PV = 200
Figure 8.7.: 3D reconstruction of the segmented tomographies for the
drainage step of the flooding sequence V-B-D-B (No. 1 in Table 8.1). (a)
corresponds to saturated core with (H2O + CsCl-4wt%) and (b), (c) and
(d) to (1, 20 and 200)PV of injected n-decane, respectively. 3D recon-
structions were made with Avizo® Fire, provided by Steffen Berg from
Shell International Exploration and Production B.V.
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(a) PV = 0 (b) PV = 5
(c) PV = 30
Figure 8.8.: 3D reconstruction of the segmented tomographies for the im-
bibition step of the flooding sequence V-B-D-B (No. 1 in Table 8.1). (a)
corresponds to the core at 200PV of injected n-decane during drainage
(connate (H2O + CsCl-4wt%) concentration) and (b) and (c) to (5 and
30)PV of injected (H2O + CsCl-4wt%), respectively. 3D reconstructions
were made with Avizo® Fire, provided by Steffen Berg from Shell Interna-
tional Exploration and Production B.V.
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is also included here, in Figures 8.5 and 8.6, for direct comparison with the
acquired results. The results of the flooding procedure in which the core
was first saturated with the wetting phase and was consequently drained
with n-decane prior to injection are shown in Figure 8.5. It is observed that
the saturation demonstrated an expected linear trend, but at higher values
than those given as a guide in Figure 2.6 (Section 2.7). Since the achieved
saturation should vary with different porous medium and/or flooding fluids,
this was adjusted in this case by a factor of 5/3 which shifted the curve at
higher saturations, nicely matching the present results. The values of the
second flooding procedure in which direct injection of the wetting phase
was followed in a core saturated with the n-decane are shown in Figure
8.6. These agreed well with the original curve without any adjustment. It
is noted that in both these figures, saturations calculated for all injected
PV are included which in some cases demonstrate significant differences
in n-decane saturation between PV = 1 and PV = 30 (ie. sequences V-
D-S1 and V-B-D-B - see Table 8.1, No. 3 and No. 1, respectively). This
may be due to less accurate determination of the ratio between the injected
amount and the available pore volume at low values of PV and also due to
other sources of error in the determination of the phase saturations. Such
sources include effects due to stopping of the flow process while tomography
scans were obtained, as well as wettability alterations of the porous medium
during measurement, associated to surfactant adsorption (also affecting the
interfacial tension). Using a glass core, however, allowed for having a re-
producible surface between experiments achieved from thorough cleaning
protocols preformed, which was the basis for conducting the present inter-
facial tension experiments. Further investigations at higher flow rates, or
lower interfacial tensions would provide a wider range of investigated cap-
illary numbers which would give better confidence to the relation between
n-decane saturation and Ca.
Furthermore, the µ-CT tomographies provided substantial information
about the distribution of the fluids in the porous structure of the particular
core, which is not fully exploited by averaging the obtained signal from
the scans to calculate the phase saturations. In Figures 8.7 and 8.8, very
interesting visualisations of the propagation and distribution of the two
fluids at different injected pore volumes are shown, which can form the basis
of further more detailed analysis. The sizes and positions of the various
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Figure 8.9.: Cluster size distribution N(s) as a function of cluster size s
expressed in voxels. The distribution is normalised over the largest value
N(s)max obtained at injected PV = 5 (p) and PV = 30 (u), of the
flooding sequence V-B-D-B (No. 1 in Table 8.1). The two dashed lines
following the data points correspond to power laws N(s) ∝ s−2.5 and
N(s) ∝ s−1.5 with larger and smaller slope, respectively. The size distri-
bution of the porous structure is shown with open symbols for comparison:
(C) for pore radius and (A) for pore length, respectively and the vertical
dashed line corresponds to the calculated representative elementary volume
REV = 300 voxels.
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Figure 8.10.: Cluster size distribution M(s) as a function of cluster size s
expressed in voxels. The distribution is given in the form M(s) =
∑∞
s s ·
N(s), presented for injected PV = 5 (p) and PV = 30 (u), of the
flooding sequence V-B-D-B (No. 1 in Table 8.1). The obtained distribution
is compared with that found by Iglauer et al. (C) for n-octane as a non-
wetting phase trapped in sandstone [205].
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trapped phases (clusters) with respect to the available area in the pore
structure, as well as their interconnectivity along different pores, can provide
interesting statistics. The analysis of the number and size of distinct trapped
phase clusters for the flooding sequence V-B-D-B (No. 1 in Table 8.1) at two
injected PV = (5 and 30) is shown in Figures 8.9 and 8.10. The number
of clusters, N(s), normalised by the obtained maximum number of clusters,
N(s)max, is shown in Figure 8.9 as a function of number of voxels, s, which
are the equivalent of pixels but in 3D, ie. (11.5 µm)3 - achieved resolution
was 11.5 µm/pixel (see Section 4.2). The relation between the number of
clusters and their size is distributed within the two regions shown with
dashed lines in Figure 8.9. The line with the largest slope in the figure
corresponds to a power law N(s) ∝ s−2.5 and the one with the smaller slope
to N(s) ∝ s−1.5. A representative elementary volume (REV ) of the core
was calculated to be 300 voxels, which indicates that clusters range in size
both smaller and larger (approximately two orders of magnitude in range)
than the average pore volume. The abrupt change in the distribution at
the range of s = 300 voxels indicates that the power law observed for the
smaller clusters does not hold for sizes that become larger than the average
pore space.
The cumulative distribution M(s) of the cluster sizes is shown in Fig-
ure 8.10 for the two cases of PV = (5 and 30). The obtained values are
compared with the data reported by Iglauer et al. [205] who used n-octane
as the non-wetting phase for flooding experiments with brine in sandstone.
Close agreement of the curves is noted, even though both different fluid
systems and porous media were used. A comparison between all the flood-
ing sequences carried out in the present work (see Table 8.1) is given in
Figure 8.11. The ratio between the largest cluster-volume and the total
cluster-volume obtained in each sequence is plotted against the saturation
of n-decane achieved at after injection of PV = 30 of the respective aqueous
(wetting) phase. The ratio appeared to increase with increasing saturation
of the non-wetting n-decane phase, approaching almost unity. This indi-
cated that the trapped phase accumulated in a large and interconnected
through different pores cluster, in expense of smaller trapped clusters, as
the saturation increased. The 3D analysis for the determination of the pre-
sented statistics was made using Avizo® Fire, provided by Steffen Berg and
Holger Ott from Shell International Exploration and Production B.V.
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Figure 8.11.: Comparison of the ratio between the largest cluster-volume
and total cluster-volume obtained for each of the flooding sequences (see
Table 8.1) at PV = 30, as a function of n-decane saturation.
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8.5. Summary
The interfacial tension of ([H2O + CsCl-4wt% + DTAB] +n-decane) systems,
over a wide range of DTAB concentrations, was characterised. The analysis
of the results provided several thermodynamic properties including Gibbs
surface excess concentration and free energy of adsorption. The system was
used to conduct flooding experiments in a µ-CT apparatus at Shell Interna-
tional Exploration and Productions B.V. in the laboratory facilities of the
Rock and Fluid Physics group. The fluid distribution in a porous medium
was studied with pore-scale resolution of the range of 11 µm. Sophisti-
cated image analysis has been applied to extract phase saturations along
the length of the core showing comprehensible results for a range of injected
pore volumes for both imbibition and drainage conditions. The dependence
of the saturation on interfacial tension reflected in the capillary number,
Ca, appeared to agree with the expected trend for porous media, while 3D
analysis of the obtained tomography scans provided statistical information
of the number versus size distribution of the trapped phase clusters. These
indicated that clusters range in size at least two orders of magnitude both
below and above the average pore volume, as well that small clusters re-
duce in number in favour of large clusters with increasing saturation of the
trapped phase. Agreement was seen between the cumulative size distribu-
tion in this work with this presented for a different fluid system and porous
medium in the literature.
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Measurements of interfacial tension for (H2O +n-alkane + CO2) systems at
conditions relevant to enhanced oil recovery and carbon storage have been
completed and were largely coupled with the SAFT-VR-DFT approach as a
step towards more realistic modelling of these oilfield processes. A number
of experimental studies has focused in determining interfacial properties
of fluids at reservoir representative conditions. For (aqueous + CO2) and
(aqueous + hydrocarbon) systems several previous investigations were avail-
able, a comparison between which demonstrated significant discrepancies in
the reported values, mostly attributed to the purity of the fluids and likely
presence of impurities in the equipment used. For (hydrocarbon + CO2) sys-
tems few previous investigations were found for a limited range of systems
and conditions, with insignificant deviations observed between the different
reported values. The present work has focused in resolving some of these
discrepancies, while extending the range of high pressure high temperature
(HPHT) measurements where possible.
Achievements
For the (H2O + CO2) system the experimental conditions covered ranged
in temperature up to T = 374.3 K and in pressure up to p = 60 MPa ex-
tending the range of previous reported data above the maximum pressure
of 45 MPa. The obtained data were fitted to correlation equations with an
average absolute percentile deviation of 1.2 %, while the SAFT-VR-DFT ap-
proach predicted the measured values to within an average of 14.7 %. Good
agreement with previous literature values was seen under conditions where
CO2 is in the gaseous state, while at higher bulk-CO2 densities most pre-
vious data showed significant disagreement and were usually smaller than
the ones reported in this work. The pressure dependence of the interfacial
tension is more significant at pressures up to 5 MPa, especially for tempera-
152
Chapter 9. Conclusions
tures close to the critical point of CO2, while for higher pressures the values
were significantly less dependent upon both pressure and temperature. The
interfacial tension of the system maintained values above 15 mN m−1 for the
whole range of conditions studied.
Three (n-alkane + CO2) systems were investigated at temperatures up to
443 K and pressures up to the critical points of each system. The inter-
facial tension values obtained were correlated to within 2.5 %, while the
SAFT-VR-DFT approach performed even more accurately than for the
(H2O + CO2) system, with deviations from the measured data averaging
8 %. The pressure and temperature dependence of all three systems showed
common characteristics, the interfacial tension being higher for higher chain
length of the alkane. The values decreased with pressure until vanishing
as the two phases became miscible with one another, while the observed
temperature dependence at low pressures was reversed at higher pressure
regions. The interfacial tension of these systems was significantly lower than
that of the (H2O + CO2) system, maintaining values below 30 mN m
−1 for
all three systems throughout the two-phase region. Comparison with the
limited literature values was excellent, while measurements of the present
work extended the available interfacial tensions by providing values for two
systems not previously studied, and by extending the range of available
isotherms up to 443 K, from a previous maximum of 377 K, for all three
systems.
Interfacial tension measurements were then carried out for the (H2O + [n-
decane + CO2]) system at different CO2 compositions for isotherms up to
443 K and pressures up to p = 50 MPa; literature values for the ternary
system were not available. The data were fitted as a function of pressure
by linear correlations, while data on the same isobars were used to demon-
strate the relations between the interfacial tension, temperature and CO2
composition. These were fitted to correlating equations to within 2 % and
were used to derive excess properties for the ternary system such as surface
excess concentrations and Gibbs free energies of adsorption, as well as the
latent heat of interface formation. The analysis employed for the calculation
of the excess properties is usually applied for surfactant systems and at am-
bient conditions; however its ability in representing the acquired interfacial
tensions of the present system proved to be equally suitable. Reasonable
agreement with previous literature values was found at ambient pressure
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for the binary (H2O +n-decane) system, while for higher pressures values
in the literature were usually lower than those of the present work. Reasons
for these differences are associated with effects from the likely presence of
impurities either in high pressure systems or from the chemical compounds
used, which can act as surfactants and reduce the interfacial tension.
Finally, the interfacial tension of ([H2O + CsCl-4wt% + DTAB] +n-decane)
systems as a function of DTAB concentration was investigated and used in
core flooding experiments, imaged in a µ-CT apparatus, conducted at Shell
International Exploration and Productions B.V. in the laboratory facili-
ties of the Rock and Fluid Physics group. The fluid distribution in the
porous medium was studied with pore-scale resolution (≈ 11 µm). Image
analysis was applied to extract phase saturations along the length of the
core, demonstrating the effect on the trapped non-wetting (n-decane) phase
saturation of different flooding sequences with varying interfacial tensions
between the aqueous and the non-wetting phase. A model core made out of
sintered glass beads was used in this investigation as a novel approach for
achieving a reproducible surface of the porous medium for different flooding
experiments with fluids of varying interfacial tension. The obtained results
covered an initial range of capillary forces reflected by the capillary number,
Ca, the trend of which agreed with the expected relation between residual
saturation in porous media and the capillary number. 3D analysis of the
obtained tomography scans provided statistical information of the number
versus size distribution of the trapped phase clusters indicating that clusters
range in size at least two orders of magnitude both below and above the
average pore volume. It was also shown that small clusters tend to reduce
in number in favour of larger clusters as the saturation of the trapped phase
increases. Agreement was seen between the cumulative size distribution
obtained in this work with that presented for a different fluid system and
porous medium in the literature.
Measurements of the interfacial tension of relevant systems at conditions
of pressure and temperature encountered in enhanced oil recovery and car-
bon storage processes have been completed as a first step towards more
realistic modelling of such processes. A model porous medium system was
used for conducting µ-CT imaging of immiscible displacements with vary-
ing interfacial tension aiming at realising the effect of interfacial forces in
determining the residual saturation of trapped non-wetting phases as well
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as their spatial configuration under different conditions.
Implications for EOR and CCS processes
The decrease of the (H2O + CO2) interfacial tension observed with increas-
ing pressure signifies for carbon storage processes that shallower formations,
where an aqueous phase would be present wetting the rock, would provide
conditions of higher interfacial tension between the aqueous and the CO2
phase, thus better retention of the non-wetting CO2 phase (higher interfacial
tension results in higher residual saturation). The density of CO2 increases
with increasing pressure. Increasing, therefore, the depth of CO2 injection
would usually provide the potential of trapping larger amount of the non-
wetting phase per formation unit volume. The increased interfacial tension
between the aqueous phase and CO2, however, indicates that if CO2 were
to migrate buoyantly upwards, away from an injection point of particular
depth, it would continually encounter increasingly favourable conditions for
trapping as the interfacial tension between the two phases would increase.
Additionally, encountering sealing formations during ascent would further
inhibit potential migration upwards. At the same time, the fact that the
interfacial tension of the (H2O + [n-decane + CO2]) system increases with
increasing hydrocarbon content and is always larger than that of the binary
(H2O + CO2) system, indicates that carbon storage should not be negatively
affected from the presence of residual hydrocarbon phases in a storage site.
Relevant to enhanced oil recovery processes, the extent to which the inter-
facial tension of the (H2O + [n-decane + CO2]) system reduces by increasing
the concentration of CO2, readily links to the decrease of the capillary pres-
sure resisting hydrocarbon displacement through a porous medium when
injection of an aqueous phase is applied. Moreover, as n-alkane and CO2
become miscible at elevated pressures and temperatures, as reflected by
the vanishing interfacial tensions observed in the (n-alkane + CO2) systems
studied, a combined fluid with improved flow properties is obtained which
further aids the recovery of less mobile, high-viscous hydrocarbons. These
two combined effects are of interest for water-alternating-gas (WAG) injec-
tion schemes where interfacial properties are most relevant.
Decisions of the relevant fluid compositions and conditions of injection
(pressure and temperature) for achieving optimal carbon capture and hydro-
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carbon recovery should ultimately take into account the particular reservoir
rock properties of a reservoir site. This partly motivated the investigation of
how trapping of a non-wetting phase depends upon interfacial tension. The
study showed that agreement in size distribution of the trapped phases can
be found between different rock/fluid systems and that with higher satura-
tions, trapped clusters tend to accumulate in large clusters, interconnected
through various pores. This should mean that trapped CO2 would tend
to accumulate in large clusters and not disperse into smaller trapped zones
across a larger area of the storage site, thus making it easier to monitor and
control.
Taking into account how variation of the conditions, rock properties and
fluid compositions affect the amounts trapped/produced, appropriate mod-
elling tools must be validated against data of model systems to be able
to increase confidence in more complex predictions. Thus providing reli-
able data of key thermophysical properties, such as interfacial tension and
using these to develop accurate predicting methods aids by increasing the
certainty of the interfacial properties used at the relevant conditions.
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10. Recommendations for Future
Work
10.1. Further Experimental Investigations
Interfacial tension measurements. Simple systems of pure substances
have been measured during this work providing interfacial tension data of
model systems at representative reservoir conditions. Using such data ap-
propriate modelling tools may compare and further adjust relevant param-
eters so that these can improve and extend their predictive capabilities for
systems of representative reservoir fluids over wider range of conditions. In-
terfacial tension measurements of systems with gradually increased complex-
ity would further aid this objective, as well as help identify which substances
(likely present in reservoir fluids) most affect capillary forces. As indicated
by the present work, the scatter of values reported for the interfacial tension
(pertaining to likely presence of impurities reducing the interfacial tension)
for both the pure (H2O + CO2) and (H2O +n-decane) binary systems, in-
dicates that presence of different substances in a storage site may cause
the trapped phases to become more mobile. Therefore establishing which
compounds affect most the interfacial tension of such systems and by which
amount, at representative reservoir conditions, forms a clear scope for fur-
ther investigation. Hydrocarbons of different families such as cyclic (naph-
thenic), aromatic and/or more heavy/branched aliphatic alkanes (such as
squalene) could indicate how different model oil systems influence the inter-
facial tension of (aqueous + hydrocarbon) systems. Furthermore, addition
of low molecular weight gaseous alkanes (methane, propane, butane, etc.),
or other gases (as CO2 used in this work) possibly present in a flue stream
(NO2, SO2, etc.) could form a basis for investigating more representative
(“live” oil + gas) systems. Similarly, addition of salt compounds in the aque-
ous phase (NaCl, KCl, MgCl2, CaCl2, KBr, Na2SO4, K2SO4, MgSO4, etc.),
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would further indicate the effect of electrolyte systems (brines) on interfa-
cial properties, as well as a study of various NaOH or HCl concentrations
would show how the pH correlates with interfacial properties at reservoir
conditions. Finally, the importance of surface active substances in the oil
industry has been pointed out during the introductory section of the present
work (see Chapter 1). The use of a water-soluble surfactant also formed the
basis for the core flooding study at ambient conditions presented in Chapter
8. A more extensive study on different surfactant systems of ionic and non-
ionic character, of varying hydrophobic tail families (aliphatic, aromatic,
polymeric, etc.) would give valuable insights on the pressure dependence of
such systems. All the above would help achieve more realistic modelling of
interfacial properties for fluids of interest at reservoir conditions.
Contact angle Measurements. As described in Section 4.1.5, a modifica-
tion of the view-cell used in this work provided the potential of conducting
contact angle measurements with minimal modifications, using the existing
drop shape analysis software. The contact angle of a (H2O + CO2 + porous
substrate) system was investigated demonstrating this potential. This was
done in collaboration with Chris Pentland and Stefan Iglauer for devel-
oping confidence in the ability of the porous plate method used in a core
flooding apparatus to prevent CO2 production during primary drainage (see
Pentland et al. [206]). The aim was to demonstrate whether the particu-
lar porous plate (aluminium silicate) used in the core flooding apparatus
was in fact CO2-phobic at the conditions of the conducted experiments, as
needed, investigating the wettability of the particular silicate mineral sys-
tem. A segment of the porous plate was placed inside the view-cell which
was filled with de-ionised H2O and heated to 354.5 K. The system was pres-
surised and CO2 was introduced onto the surface of the porous plate via
the same capillary used for creating pendant drops during interfacial ten-
sion measurements. The porous plate was placed at an angle (determined
to be 21◦ from the horizontal plane) to investigate advancing and receding
contact angles (raindrop effect [207, p.447]). Contact angles were measured
for pressures between 26.6 MPa and 48.9 MPa; the values obtained are sum-
marised in Table 10.1. Sample images of CO2 drops, created into the bulk
H2O phase, coming in contact with the substrate are shown in Figure 10.1
for different pressures. The contact angles on the two sides of the drop were
found to be almost identical (within 1-2 degrees). Smaller contact angles at
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lower pressures were possibly an effect of small contact force (CO2 drop just
reached the substrate before detaching and migrating upwards); whereas at
higher pressures from (39.5 to 48.9) MPa good contact was achieved and the
contact angle values remained in the range of 40◦ ± 3◦.
Table 10.1.: Contact angles for the (H2O + CO2 + porous substrate) system
at 354.5 K, reported for the denser bulk brine phase.
p /MPa θ
26.6 10◦ ± 5◦
29.7 32◦ ± 2◦
32.0 30◦ ± 2◦
39.5 39◦ ± 2◦
47.0 40◦ ± 2◦
48.9 40◦ ± 3◦
Further contact angle investigations using various fluid systems and model
substrates representative of reservoir rocks (quartz, mica, etc.) and, further-
more, actual rock samples should be possible under the configuration tested
with the particular porous plate. Caution must be taken, however, and
perhaps improved design of the procedure would help, for placing the sub-
strate at the appropriate distance from the capillary tube so that the created
drops would come in contact with the substrate in a wide range of conditions
without having to re-open the cell and re-position the substrate (requiring
emptying the vessel from the injected fluids) before starting a new set of
measurements. Moreover, considerations prior to measuring should be made
so that the drops created, coming in contact with the substrate, would be of
the non-wetting phase. Otherwise they would spread onto the substrate pre-
venting from further measurements without having to open the vessel and
clean (“dry”) the substrate. Finally, for porous samples, preparation of the
substrate to achieve appropriately clean surface (avoiding both introduction
of impurities and wrong measured contact angles due to adsorbed species)
and pre-saturation of the substrate by applying vacuum before injection of
the bulk phase, would be additional aspects for consideration.
Core flooding experiments at reservoir conditions. The results ob-
tained at ambient conditions during the two month secondment at Shell
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32.0 MPa
(a) p = 32 MPa
39.0 MPa
(b) p = 39 MPa
47.0 MPa
(c) p = 47 MPa
Figure 10.1.: Sample images of CO2 drops, created into the bulk H2O phase,
coming in contact with the substrate at different pressures
International Exploration and Production B.V., Rijswijk, the Netherlands,
can partially guide the selection of experimental conditions and procedures
for conducting similar investigations with high pressure and high tempera-
ture equipment. Flooding with CsCl-4wt% in sc-CO2 pre-saturated cores,
at conditions and flow rates relevant to carbon storage, could extend the
study of interfacial tension effects on the trapping of CO2 in various model
cores. This would be more directly linked to the trapping potential of rock
formations at various conditions.
10.2. Further Apparatus Improvements
The determination of the densities of the immiscible phases is directly linked
to the calculation of the interfacial tension with the pendant drop method.
Throughout this work, values of densities of the various phases at different
conditions were obtained by using appropriate models. Measurements of
the densities of the saturated phases with another, would provide higher
accuracy to the measured interfacial tensions, which retain the potential of
being adjusted (the interfacial tension is proportional to the density differ-
ence between the two phases) if the density difference values used for their
determination are also reported, as in this work in Appendix D: Interfacial
Tension Data. Such an improvement could either come by independently
measuring the densities of the phases in question, or by incorporating two
in-line densimeters (one for the dense and another for the light phase) into
160
Chapter 10. Recommendations for Future Work
an interfacial tension measuring apparatus. They would, of course, have to
be in thermal equilibrium and withstand the same pressures as the view-cell
to be able to provide with in-line density values.
Pre-saturation of the phases is essential for interfacial tension measure-
ments in order to avoid waiting for equilibration to occur. For more complex
systems containing several hydrocarbons and other compounds, diffusion
would pose a further limitation, making the need for implementing a re-
circulation loop to the system a significant improvement. The design of
the circulation loop and high pressure pump can be challenging as it would
have to operate under dynamic sealing conditions (more prone to introduc-
ing impurities in a system), or implement magnetic coupling which would
require a magnet being inserted, in contact with the fluids, thus further
considerations on corrosion resistance and operating conditions should be
taken into account. Moreover a minimal size of the loop would be preferable
to avoid large volumes and the pump must have the ability of maintaining
a pendant (or standing) drop when the circulation is stopped. Thus, it
should be able to continuously and steadily displace fluids at various speeds
for achieving both circulation of the two fluids, and creating/maintaining
drops of appropriate size for conducting interfacial tension measurements
on the equilibrated fluid. Finally, it would also have to be in thermal equi-
librium with the measuring vessel for avoiding composition gradients during
circulation, induced by temperature gradients.
Finally, measurements of the pH of different systems investigated could
benefit the analysis of interfacial properties by providing correlations be-
tween the interfacial tension, concentration of different compounds and pH.
Such a task will not be easy for a high pressure high temperature sys-
tem. Careful consideration of suitable pH-probes to be compatible with
compounds of interest must be given as well as appropriate design of the
positioning of the probe into the vessel for minimising dead-volumes and
achieving sealing without introducing unwanted impurities to the system
would be important.
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A. Derivation of the Expression of
Curvature
A complete explanation of the derivation of the expression for curvature
is shown in this Appenix. A broad guideline procedure can be found in
Wardle’s textbook on Differential Geometry [208]. Each point on the x, y
plane can be represented by a position vector as
r = xiˆ + yjˆ, (A.1)
where r is the vector connecting the axes of origin with a given point at
coordinates x, y and iˆ, jˆ are the unit vectors. The arc length of a curve,
as shown in Figure A.1, can be approximated by a sum of infinitesimal
triangles.
The length of a differential curve element must be equal to the hypotenuse
of the corresponding triangle, written as
ds2 = dx2 + dy2 ⇒ ds =
√
dx2 + dy2 ⇒ ds =
√
1 +
(
dy
dx
)2
dx, (A.2)
where ds is the differential curve element. From this expression, the total
arc length of a curve can be calculated by simple integration1.
The differential of the vector r is given by
dr = dxiˆ + dyjˆ, (A.3)
the size of which is given by its norm and in this case (see Equation A.4)
it is obvious that the norm of the differential vector is equal to the element
arc length, as
1Integrating the differential expression for the arc length (Equation A.2) from x1 to x2
produces the arc length: s =
∫ x2
x1
√
1 +
(
dy
dx
)2
dx
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Figure A.1.: Element of a curve showing the position vectors for each point.
‖dr‖ =
√
dx2 + dy2 ⇒ ‖dr‖ = ds. (A.4)
In the same way that the position vector is defined in Equation A.1, the
derivative of the vector r with respect to the arc length s is also a vector
and is given as,
t =
dr
ds
=
dx
ds
iˆ +
dy
ds
jˆ. (A.5)
Using Equality A.4, the norm of t is written as
‖t‖ =
√(
dx
ds
)2
+
(
dy
ds
)2
⇒
⇒ ‖t‖ =
√
dx2 + dy2
ds2
⇒
⇒ ‖t‖ = 1. (A.6)
Vector t is therefore a unit vector and it will further on be annotated as
tˆ. It is defined as the unit vector parallel to the tangent of the curve at
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any point p(x, y). Similarly, the vector t′ can be defined as a derivative of
tˆ with respect to s, as
t′ =
dtˆ
ds
=
d2r
ds2
=
d2x
ds2
iˆ +
d2y
ds2
jˆ. (A.7)
By taking the internal product of vectors t′ and tˆ it can be shown that
t′tˆ =
(
d2x
ds2
iˆ +
d2y
ds2
jˆ
)(
dx
ds
iˆ +
dy
ds
jˆ
)
⇒
⇒ t′tˆ =
(
dx
ds
d2x
ds2
+
dy
ds
d2y
ds2
)
⇒
⇒ t′tˆ = 1
2
d
ds


:1
((
dx
ds
)2
+
(
dy
ds
)2)
⇒
⇒ t′tˆ = 0. (A.8)
The vector t′ is therefore perpendicular to tˆ and its direction is defined
as the normal to the curve at any point p(x, y). If we consider a unit vector
pˆ of the same direction as t′, then Equation A.7 becomes
t′ = λpˆ =
d2r
ds2
=
dtˆ
ds
. (A.9)
By taking dθ as the angle between two reciprocal tangent vectors at points
p(x, y) and P (x+ dx, y + dy) on the curve, it must be true that
λpˆ =
dtˆ
ds
=
dtˆ
dθ
dθ
ds
= κ
dtˆ
dθ
. (A.10)
The term dθ/ds satisfies the definition for the curvature κ as the rate of
turn of the tangent with respect to the arc length. At the same time, the
term dtˆ/dθ is actually a unit vector perpendicular to tˆ as shown in Figure
A.1, also demonstrated by
‖dtˆ‖ = ‖tˆ‖dθ ⇒ ‖dtˆ
dθ
‖ = 1, (A.11)
hence λ = κ and pˆ = dtˆ/dθ. The curvature is therefore given as
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κpˆ =
dtˆ
ds
=
d2rˆ
ds2
=
=
d2x
ds2
iˆ +
d2y
ds2
jˆ ⇒
⇒ κ =
√(
d2x
ds2
)2
+
(
d2y
ds2
)2
. (A.12)
A curve on the x, y plane is usually described as a function of the in-
dependent variable x as y = f(x). The curvature can be expressed with
respect to x by simple change of variable. If y1 ≡ dy/dx and y2 ≡ d2y/dx2
then from Equation A.2 it is true that dx/ds = (1 + y21)
−1/2. Therefore
d2x
ds2
=
dx
ds
d
dx
(
dx
ds
)
=
=
(
1 + y21
)−1/2 [−1
2
(
1 + y21
)−3/2
2y1y2
]
⇒
⇒ d
2x
ds2
= −y1y2
(
1 + y21
)−2
, (A.13)
d2y
ds2
=
dx
ds
d
dx
(
dy
dx
dx
ds
)
=
=
(
1 + y21
)−1/2 d
dx
[
y1
(
1 + y21
)−1/2]
=
=
(
1 + y21
)−1/2 [[
y2
(
1 + y21
)−1/2]
+ y1
[
−1
2
(
1 + y21
)−3/2
2y1y2
]]
=
= y2
(
1 + y21
)−1 − y21y2 (1 + y21)−2 =
= y2
(
1 + y21
)−2 [(
1 + y
2
1
)
− y21
]
⇒
⇒ d
2y
ds2
= y2
(
1 + y21
)−2
. (A.14)
By replacing Equations A.13 and A.14 to Equation A.12 the expression
for the curvature with respect to x becomes
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κ2 = y21y
2
2
(
1 + y21
)−4
+ y22
(
1 + y21
)−4
=
= y22
(
1 + y21
)−4 (
1 + y21
)⇒
⇒ κ = d
2y/dx2[
1 + (dy/dx)2
]3/2 . (A.15)
When describing complex curves, it is more useful to take x and y as a
function of another parameter. Therefore, instead of expressing the curve as
y = f(x), where x is the independent variable, it is easier to express it as y =
(x(t), y(t)) where t is the independent variable. This is a necessity especially
in the case of curves that have more than one values of y corresponding to
the same x such as the circle. So, if the curve was expressed as a function
of a different variable t, the curvature k would change from Equation A.15
to an expression with respect to t (Equation A.18). If for x = f(t) and
y = g(t) we assign: y′ = dydt , y
′′ = d
2y
dt2
, x′ = dxdt and x
′ = d
2x
dt2
then it must
also be true that
dy
dx
=
dy
dt
dt
dx
=
y′
x′
, (A.16)
d2y
dx2
=
d
dx
(
y′
x′
)
=
dt
dx
d
dt
(
y′
x′
)
=
1
x′
y′′x′ − x′′y′
x′2
. (A.17)
The curvature is therefore written as
κ =
y′′x′ − x′′y′
x′3
[
1 +
(
y′
x′
)2]3/2 = y′′x′ − x′′y′
x′3
(
x′2+y′2
x′2
)3/2 ⇒
⇒ κ = y
′′x′ − x′′y′
(x′2 + y′2)3/2
. (A.18)
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B. Simple Diffusion of a Solute in
a Spherical Drop
The differential equation describing the one-dimensional diffusion of CO2 in
a spherical H2O drop is given as
∂u(r, t)
∂t
= D∗
1
r2
∂
∂r
(
r2
∂u(r, t)
∂r
)
⇒
∂u(r, t)
∂t
= D∗
2
r
∂u(r, t)
∂r
+D∗
∂2u(r, t)
∂r2
, (B.1)
where u(r, t) = C/C∗ is the reduced concentration of CO2 in H2O with the
solubility C∗ at each state point, r = R/R∗ is the reduced radial variable
with the radius of the drop R∗ and D∗ = D
R∗2 is the reduced diffusion
coefficient.
Let u(r, t) be a product of two functions each dependent on one variable
such that
u(r, t) = R(r)T (t), (B.2)
then by substituting the later to the given differential equation the following
equality must hold
R(r)T ′(t) = D∗ 2/r R′(r)T (t) +D∗R′′(r)T (t)⇒
T ′(t)
T (t)
=
D∗ 2/r R′(r) +D∗R′(r)
R(r)
= k, (B.3)
where k is a constant. The original partial differential equation is now
divided in two as
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1. Temporal dependence
T ′(t)− k T (t) = 0, (B.4)
2. Spatial dependence
R′′(r) + 2/r R′(r)− k/D∗R(r) = 0. (B.5)
The first equation can be transformed as
T ′(t)− k T (t) = 0⇒
dT (t)
dt
= k T (t)⇒
1
T (t)
dT (t) = k dt, (B.6)
where by integrating both sides the solution for the temporal dependence is
ln (T (t)) = k t+ C ⇒
T (t) = ek t eC ⇒
T (t) = B(r) ekt. (B.7)
The second differential equation is more tedious to solve. The introduc-
tion of a new equation Y (r) as
Y (r) = r R(r)⇒
R(r) =
Y (r)
r
, (B.8)
is necessary. The equation is thus transformed to
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dY (r) = R(r) dr + r dR(r)⇒
dY (r)
dr
= R(r) + r
dR(r)
dr
⇒
R′(r) =
Y ′(r)−R(r)
r
, (B.9)
d2Y (r)
dr2
= 2
dR(r)
dr
+ r
dR2(r)
dr2
⇒
R′′(r) =
Y ′′(r)− 2R′(r)
r
, (B.10)
whereby substituting R(r), R′(r) and R′′(r) to the starting equation we
get
Y ′′(r)− 2R′(r) + 2/r Y ′(r)− 2/r R(r)− k/D∗ r R(r) = 0⇒
Y ′′(r)− 2/r Y ′(r) + 2/r R(r) + 2/r Y ′(r)− 2/r R(r)− k/D∗ Y (r) = 0⇒
Y ′′(r)− k/D∗ Y (r) = 0. (B.11)
The characteristic equation of the latter is
λ2 − k/D∗ = 0⇒ λ = ±
√
k
D∗
. (B.12)
Three cases now arise:
1. k > 0
In the case of positive roots the solution of the equation is
Y (r) = C1(t) e
√
k
D∗ r + C2(t) e
−
√
k
D∗ r ⇒
R(r) =
C1(t) e
√
k
D∗ r + C2(t) e
−
√
k
D∗ r
r
. (B.13)
2. k = 0
In the case of a double root in 0 the solution of the equation is
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Y ′′(r) = 0⇒ Y (r) = A(t) r +B(t)⇒
R(r) = A(t) +
B(t)
r
. (B.14)
3. k < 0
In the case of a negative root, by assuming k = −q2 ⇒ λ = ±q/√D∗ i
the solution of the equation is
Y (r) = C1(t) cos(
q√
D∗
r) + C2(t) sin(
q√
D∗
r)⇒
R(r) =
C1(t) cos(
q√
D∗
r) + C2(t) sin(
q√
D∗
r)
r
. (B.15)
B.1. Boundary and Initial Conditions
Is is necessary here to apply the following boundary and initial conditions
to the general forms of the equations, as applicable to the diffusion in a
spherical drop, as
• u(1, t) = 1,
• u(0, t)= finite number,
• u(r, 0) = f(r).
In order to have a zero boundary condition, the problem will be solved
for U(r, t) = u(r, t)− 1, for which the conditions become
• U(1, t) = 0,
• U(0, t)= finite number,
• U(r, 0) = f(r)− 1.
First by using the boundary conditions the solution for the spatial depen-
dence will be sought for the three different cases of k.
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1. for k > 0
For the case of positive k, the solutions must be
Y (1) = 1 ·R(1) = C1(t) e
√
k
D∗ + C2(t) e
−
√
k
D∗ = 0⇒
G(t) = 0, (B.16)
which immediately results in inconsistency as the time dependent
function is always required to be zero.
2. for k = 0
For the case of a double root at zero, the solutions must be
Y (1) = 1 ·R(1)⇒ A(t) +B(t) = 0⇒
A(t) = −B(t)⇒
R(r) = A(t) (1− 1
r
), (B.17)
Y (0) = 0 ·R(0)⇒ B(t) = 0⇒
R(r) = 0, (B.18)
which must also be false.
3. for k < 0
The last case for negative k must therefore be true, where the solution
is
Y (1) = 1 ·R(1)⇒
C1(t) cos(
q√
D∗
) + C2(t) sin(
q√
D∗
) = 0, (B.19)
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Y (0) = 0 ·R(0)⇒
C1(t) · 1 + C2(t) · 0 = 0⇒
C1(t) = 0. (B.20)
Returning to the previous boundary condition then
C2(t) sin(
q√
D∗
) = 0⇒
q√
D∗
= npi ⇒
q = npi
√
D∗, (B.21)
where, n = 1, 2, 3.... Therefore the spatial dependence is given as
Y (r) =
n∑
n=1
C2n(t) sin(npir)⇒
R(r) =
1
r
n∑
n=1
C2n(t) sin(npir), (B.22)
where the constant k is given as
k = −n2pi2D∗. (B.23)
By combining the temporal and spatial dependence, the overall expression
for the concentration is now
U(r, t) = R(r)T (t)⇒
U(r, t) =
1
r
n∑
n=1
B(r) e−n
2pi2D∗t sin(npir). (B.24)
By using the initial condition, the solution is
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U(r, 0) = 1/r
n∑
n=1
Bn sin(npir) = f(r)− 1⇒
n∑
n=1
Bn sin(npir) = (f(r)− 1) r. (B.25)
Since this is a Fourier series, Bn is given as
Bn =
∫ 1
−1
(f(r)− 1) r sin(npir) dr. (B.26)
Assuming an initial concentration constant with position such that f(r) =
m, the integral is calculated as
Bn =
∫ 1
−1
(m− 1) r sin(npir) dr ⇒
Bn = (m− 1)
[
1
n2pi2
(sin(npi r)− npi r cos(npi r))
]1
−1
⇒
Bn = (m− 1) 1
n2pi2
[sin(npi)− npi cos(npi)− sin(−npi) + npi cos(−npi)]⇒
Bn = (1−m) 2
npi
cos(npi). (B.27)
Therefore the general solution for the problem is
U(r, t) =
2(1−m)
r
n∑
n=1
1
npi
cos(npi) e−n
2pi2D∗t sin(npir)⇒
u(r, t) = 1 +
2(1−m)
r
n∑
n=1
1
npi
cos(npi) e−n
2pi2D∗t sin(npir). (B.28)
B.2. Solution for CO2 Diffusion in H2O Drops
For the following solutions the initial concentration of CO2 was assumed
to be m = 0. Taking the diffusion coefficient of CO2 in H2O [192] to be
D = 3.0 · 10−9 m2 s−1 and different drop radii the following solutions apply:
For R∗ = 0.1 cm, the reduced diffusion coefficient is D∗ = 3.00 · 10−3 s−1
(concentration distribution shown in Figure B.1), for R∗ = 0.2 cm (a repre-
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Figure B.1.: Concentration distribution of CO2 in a spherical H2O drop of
R∗ = 0.1 cm at various times in the range t/ s = (1− 150).
sentative size of H2O pendant drops in CO2) the reduced diffusion coefficient
is D∗ = 7.5 · 10−4 s−1 (concentration distribution shown in Figure B.2), for
R∗ = 0.3 cm, the reduced diffusion coefficient is D∗ = 3.33·10−4 s−1 (concen-
tration distribution shown in Figure B.3) and for a drop radius R∗ = 0.4 cm,
the reduced diffusion coefficient is D∗ = 1.88 · 10−4 s−1 (concentration dis-
tribution shown in Figure B.4). It is apparent how sensitive the equilibrium
time is to the size of the drop, as well as how lengthy the procedure must be
for bulk volumes. However, for representative sizes of H2O pendant drops
in CO2, the diffusion is within the range of temporal dependence of the
interfacial tension observed experimentally, which validates the assumption
of the effect due to mutual saturation of the phases.
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Figure B.2.: Concentration distribution of CO2 in a spherical H2O drop of
R∗ = 0.2 cm at various times in the range t/ s = (1− 600).
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Figure B.3.: Concentration distribution of CO2 in a spherical H2O drop of
R∗ = 0.3 cm at various times in the range t/ s = (1− 1200).
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Figure B.4.: Concentration distribution of CO2 in a spherical H2O drop of
R∗ = 0.4 cm at various times in the range t/ s = (1− 2400).
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C. SAFT-VR-DFT Analysis
Within the SAFT-VR approach the Helmholtz free energy, A, of the homo-
geneous fluid is written as a perturbation expansion. In the case of associat-
ing molecules, A can be expressed as the sum of an ideal contribution Aideal,
a monomer contribution Amono (which takes into account the attractive Aatt
and repulsive Ahs forces between the segments that form the molecules), a
chain contribution Achain (which accounts for the formation of a chain from
the monomeric segments), and a contribution due to association Aassoc as
[65]
a =
A
NkBT
=
Aideal
NkBT
+
Amono
NkBT
+
Achain
NkBT
+
Aassoc
NkBT
, (C.1)
where N is the number of chain molecules in the mixture, T is the temper-
ature, and kB is the Boltzmann constant.
In the following, the nomenclature A({ρm}) ≡ A(ρ1, ρ2, . . . , ρn) denotes
the dependence of a on all of the densities ρm of each component m of the
mixture.
We consider an open mixture at temperature T and chemical potential
µi (for each component i = 1 to n) at a fixed composition in a volume V .
In the absence of external fields, the grand potential functional Ω[{ρm(r)}]
of an inhomogeneous system is given by [106]
Ω[{ρm(r)}] = A[{ρm(r)}]−
n∑
i=1
µi
∫
dr ρi(r), (C.2)
where A[{ρm(r)}] is the intrinsic Helmholtz free energy functional. The
minimum value of Ω[{ρm(r)}] is the equilibrium grand potential of the sys-
tem and the corresponding equilibrium density profiles ρeqi (r) satisfy the
condition [106]
δΩ[{ρm(r)}]
δρi(r)
∣∣∣∣
eq
=
δA[{ρm(r)}]
δρi(r)
∣∣∣∣
eq
− µi = 0. (C.3)
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This gives rise to n Euler-Lagrange equations which are equivalent to re-
quiring that the Helmholtz free energy functional be a minimum subject to
a constraint of constant number of particles (for each component from i = 1
to n); the undetermined multipliers correspond to the chemical potential of
each component µi of the bulk coexisting phases.
In order to solve Equation C.3, it is necessary to estimate the Helmholtz
free energy of the system along the interface. Hence, all of the terms in
Equation C.1 become dependent on the changes in density of all the com-
pounds of the mixture. In the SAFT-VR-DFT approach, the intermolec-
ular interaction is partitioned into a reference term (which includes the
ideal, hard-sphere, chain and association contributions), and a perturba-
tion attractive term (which includes the dispersive interactions between the
monomeric segments) as
A[{ρm(r)}] = Aref[{ρm(r)}] +Aatt[{ρm(r)}]. (C.4)
As done in previous works [25, 96, 108, 193, 209] the reference term Aref
incorporates all of the contributions to the free energy due to “short-range”
interactions such as the repulsive hard-sphere, the chain, and the association
terms as
Aref[{ρm(r)}] = Aideal[{ρm(r)}] +Ahs[{ρm(r)}] +A2[{ρm(r)}]
+ Achain[{ρm(r)}] +Aassoc[{ρm(r)}]. (C.5)
The ideal Helmholtz free energy of an inhomogeneous mixture of non-
spherical particles has an exact form that can be solved. It can be written
as [106, 210]
Aideal[{ρm(r)}] =
n∑
i=1
kBT
∫
dr ρi(r)
[
ln(ρiΛ
3
i )− 1
]
, (C.6)
where Λi = h/
√
2pimikT is the de Broglie wavelength for each component.
The terms Ahs, Achain and Aassoc correspond to the repulsive, chain and
association contributions to the total Helmholtz free energy of the system,
respectively. These terms are treated within the local density approximation
(LDA), which implies that the different contributions to the free energy
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of the inhomogeneous system are approximated by that of an equivalent
homogeneous system evaluated at the local density ρ(r). The general form
of the LDA approach is
Aα[{ρm(r)}] = kBT
∫
dr fα({ρm(r)}), (C.7)
where α represents the hs, chain and assoc contributions. In addition, the
high-temperature perturbation expansion of the free energy is taken to sec-
ond order (A2) and this term is also included in the LDA approach, as it
is based in the local compressibility approximation (LCA). The reader is
referred to previous publications for more details [25, 96].
The attractive term Aatt contains all of the long-range correlations of
the system and must be treated separately. Since the aim is to deal with
chainlike molecules, the dispersive contribution is usually expressed in terms
of the average segment density profiles and the average segment-segment
pair radial distribution function of the inhomogeneous reference hard-sphere
chain. The segment-segment pair distribution function is approximated by
that of an equivalent unbonded hard-sphere mixture, and the functional for
Aatt can be expressed in terms of the molecular density profiles as
Aatt[{ρm(r)}] = 1
2
n∑
i=1
n∑
j=1
∫
dr miρi(r)
∫
dr′ mjρj(r′)
× ghsij [r, r′; {ρm(r), ρl(r′)}] φattij (|r− r′|). (C.8)
The segment-segment pair distribution function ghsij depends on {ρm(r), ρl(r′)},
which means that the distribution function depends, in general, on all of
the density profiles of the mixture at r but also at r′.
A further set of approximations are required in the previous equation
as little is known of the pair distribution function of the inhomogeneous
hard-sphere mixture fluid. Three approximations are proposed:
1. The simple van der Waals one-fluid approximation is used to define
local packing fractions at r and r′ for the mixture as
ξx(r) ≡ ξx({ρm(r)}) ≡ pi
6
n∑
i=1
n∑
j=1
miρi(r)mjρj(r)
m(r)
σ3ij . (C.9)
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The local packing fraction is a function of r through the set of all the
density profiles of the mixture evaluated at r. ξx(r
′) can be obtained
from the same expression (cf. Equation C.9) substituting r by r′. The
chain-length parameter m(r) is defined as
m(r) ≡ m({ρm(r)}) =
n∑
k=1
mkρk(r), (C.10)
and m(r′) is given by replacing r by r′.
2. Following the same hypotheses followed in other works [25, 96, 193],
it is assumed that the correlations can be described with the pair
radial distribution function of a homogeneous fluid of (equivalent)
hard spheres evaluated at an appropriate mean density. As with the
approach of Toxvaerd [211–213], a mean packing fraction is calculated
from the simple arithmetic average
ξx(r, r
′) ≡ ξx({ρi(r), ρj(r′)}) = ξx(r) + ξx(r
′)
2
, (C.11)
where ξx(r) and ξx(r
′) are the (true) inhomogeneous packing fractions
at r and r′, respectively.
3. As there are no analytical expressions for the pair radial distribu-
tion functions between two hard spheres of an inhomogeneous sys-
tem at arbitrary distances, ghsij [r, r
′; {ρm(r), ρl(r′)}] is approximated
by that at contact for an equivalent (pure) system with an effective
packing fraction, ξeffx (λij), which also depends on the set of densi-
ties {ρm(r), ρl(r′)}. This approximation is in line with the SAFT-VR
treatment of the bulk fluid. This inhomogeneous effective packing
fraction can be written using the bulk expression, but evaluating all
the densities locally, as
ξeffx (λij ; {ρm(r), ρl(r′)}) = c1(λij)ξx(r, r′)+c2(λij)ξx2(r, r′)+c3(λij)ξx3(r, r′).
(C.12)
In order to be consistent with the previous SAFT-VR functional in
the homogeneous limit [65], the following approximation is used where
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ghsij [r, r
′; {ρm(r), ρl(r′)}] ≈ ghs0 [σx; ξeffx (λij ; {ρm(r), ρl(r′)})]. (C.13)
The final expression of the attractive term used in the SAFT-VR-DFT ap-
proach for mixtures is given by
Aatt[{ρm(r)}] = 1
2
n∑
i=1
n∑
j=1
∫
dr miρi(r)
∫
dr′ mjρj(r′)
× ghs0 [σx; ξeffx (λij ; {ρm(r), ρl(r′)})] φattij (|r− r′|).(C.14)
Hence, the minimisation of the grand potential function expressed in
Equation C.3 is of the form
δΩ[{ρm(r)}]
δρi(r)
∣∣∣∣
eq
=
δAref[{ρm(r)}]
δρi(r)
+
δAattr[{ρm(r)}]
δρi(r)
− µi = 0.(C.15)
The variation of the reference contribution with respect to densities {ρi(r)}
correspond to the local chemical potential,
µrefi =
δAref[{ρm(r)}]
δρi(r)
, (C.16)
which can be obtained from the corresponding expressions for the homoge-
neous system, through the thermodynamic relation,
µi = kBT
{
a+ ρ
(
∂a
∂ρi
)
TV Nj 6=i
}
. (C.17)
However, the variation of the attractive contribution requires a knowledge of
the density derivative of the correlation function. The equilibrium density
profiles can thus be determined by solving the following equation for each
component of the mixture:
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µi = µ
ref
i ({ρm(r)}) +
n∑
j=1
∫
dr′ mi mj ρj(r′)
× ghs0 [σx; ξeffx (λij ; {ρl(r), ρm(r′)}))]φattrij (|r− r′|)
+
n∑
j=1
n∑
k=1
∫
dr′ mj ρj(r) mk ρk(r′)
× ∂g
hs
0 [{ρl(r), ρm(r′)})]
∂ρi(r)
φattrij (|r− r′|), (C.18)
which ensures that the (local) chemical potential at each point along the
profiles is equal to each bulk chemical potential µi.
The equilibrium density profile is found by solving the Euler-Lagrange
relation Equation C.18. Calculations are done in one dimension for a free
planar interface. The details of the numerical aspects of this procedure are
described by Llovell et al. [96].
Once the equilibrium density profile is known, the surface tension is de-
termined by using the thermodynamic relation
γ =
Ω + pV
A , (C.19)
where A is the interfacial area and p is the bulk pressure.
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D. Interfacial Tension Data
Table D.1.: Interfacial tension results of the (H2O + CO2) system. The er-
rors correspond to the standard deviation of the interfacial tension data,
calculated for all frames recorded between the fifth and tenth minute after
the creation of each drop, for four consecutive drops at each state point.
The density difference used for the determination of the interfacial tension
at each state point corresponds to that between the pure compounds of
H2O(1) and CO2(2) with their respective phase states indicated as G =
gaseous, L = liquid or SC = supercritical.
p / MPa T / K H2O(1) CO2(2) ∆ρ / kg m
−3 γ / mN m−1
1.01 297.8 L G 979 65.73±0.27
2.00 297.9 L G 958 58.90±0.21
3.00 297.9 L G 934 52.42±0.36
4.00 297.9 L G 906 47.02±0.32
5.01 297.9 L G 867 41.29±0.20
6.01 297.9 L G 804 36.00±0.24
7.02 297.9 L L 250 30.12±0.11
8.02 297.9 L L 221 30.28±0.08
10.01 297.9 L L 181 29.66±0.20
14.99 297.9 L L 126 27.73±0.10
19.99 297.9 L L 90 25.99±0.09
1.00 312.9 L G 975 63.55±0.26
2.00 312.9 L G 956 58.79±0.27
3.01 312.8 L G 935 51.15±0.11
4.01 312.8 L G 910 46.94±0.27
5.02 312.8 L G 881 43.93±0.23
6.00 312.8 L G 845 40.21±0.17
7.02 312.9 L G 796 36.87±0.19
8.02 312.9 L SC 715 33.47±0.19
10.00 312.9 L SC 363 31.20±0.15
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Table D.1.: Interfacial tension results of the (H2O + CO2) system contin-
ued...
p / MPa T / K H2O(1) CO2(2) ∆ρ / kg m
−3 γ / mN m−1
15.00 312.9 L SC 216 29.17±0.13
20.02 313.2 L SC 161 28.33±0.16
24.92 312.9 L SC 124 27.14±0.09
1.00 333.5 L G 967 62.48±0.33
1.99 333.5 L G 950 59.93±0.40
2.99 333.5 L G 931 56.03±0.26
3.99 333.5 L G 910 52.42±0.25
5.00 333.5 L G 887 49.49±0.22
6.00 333.5 L G 861 46.28±0.15
7.01 333.5 L G 831 43.36±0.12
8.01 333.5 L SC 796 40.49±0.08
8.99 333.5 L SC 752 37.76±0.18
10.00 333.6 L SC 700 32.05±0.27
10.57 333.6 L SC 662 31.23±0.24
15.01 333.5 L SC 388 30.47±0.15
20.00 333.5 L SC 270 29.07±0.07
25.00 333.5 L SC 208 27.44±0.17
30.00 333.5 L SC 167 26.91±0.12
40.00 333.5 L SC 111 24.81±0.11
50.00 333.5 L SC 71 22.97±0.16
60.00 333.5 L SC 41 19.72±0.03
1.00 343.3 L G 962 61.28±0.53
2.00 343.3 L G 946 57.00±0.27
3.00 343.3 L G 928 55.58±0.38
4.00 343.3 L G 908 51.55±0.17
5.00 343.3 L G 887 48.50±0.20
6.00 343.3 L G 864 45.36±0.23
7.05 343.3 L G 837 42.49±0.18
8.03 343.3 L SC 808 39.83±0.30
9.02 343.3 L SC 774 37.46±0.17
10.03 343.3 L SC 735 35.38±0.25
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Table D.1.: Interfacial tension results of the (H2O + CO2) system contin-
ued...
p / MPa T / K H2O(1) CO2(2) ∆ρ / kg m
−3 γ / mN m−1
11.04 343.3 L SC 687 33.97±0.16
12.05 343.3 L SC 637 32.75±0.19
15.09 343.3 L SC 476 30.31±0.15
20.20 343.3 L SC 324 28.36±0.12
25.25 343.3 L SC 249 27.46±0.08
35.28 343.3 L SC 165 25.52±0.12
41.32 343.3 L SC 132 24.41±0.14
1.00 374.3 L G 944 56.20±0.50
2.00 374.3 L G 929 53.44±0.40
3.00 374.3 L G 913 51.23±0.25
4.00 374.3 L G 897 48.76±0.08
5.00 374.3 L G 880 46.53±0.09
6.00 374.3 L G 861 44.64±0.13
9.00 374.3 L SC 799 39.67±0.04
10.00 374.3 L SC 775 38.05±0.25
11.00 374.3 L SC 750 36.64±0.16
12.00 374.3 L SC 723 35.05±0.37
13.00 374.3 L SC 695 33.81±0.50
14.00 374.3 L SC 666 32.81±0.32
15.00 374.3 L SC 636 32.22±0.37
16.00 374.3 L SC 605 31.21±0.39
17.00 374.3 L SC 575 30.45±0.23
18.00 374.3 L SC 546 29.92±0.26
19.00 374.3 L SC 517 29.27±0.34
20.00 374.3 L SC 491 29.13±0.17
30.00 374.3 L SC 314 25.27±0.13
40.00 374.3 L SC 227 24.04±0.10
49.99 374.3 L SC 164 22.25±0.11
60.05 374.3 L SC 121 21.23±0.04
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Table D.2.: Interfacial tension results of the (n-alkane + CO2) systems. The
errors correspond to the standard deviation of the interfacial tension data,
calculated for all frames recorded between the fifth and tenth minute after
the creation of each drop, for four consecutive drops at each state point.
The density difference used for the determination of the interfacial tension
at each state point corresponds to that between the pure compounds of n-
alkane(1) and CO2(2).
p /MPa T /K ∆ρ /kg m−3 γ /mN m−1
CO2 +n-decane
0.11 297.95 725 22.84±0.05
0.98 297.95 709 20.02±0.06
1.99 297.95 689 17.02±0.06
2.98 297.95 665 13.73±0.06
4.01 297.95 636 10.28±0.05
5.02 297.95 598 6.35±0.03
6.04 297.95 531 2.45±0.53
1.03 323.35 690 18.61±0.13
1.98 323.35 673 16.78±0.04
2.99 323.35 654 14.60±0.02
4.01 323.35 632 12.36±0.04
5.02 323.35 607 10.14±0.04
6.03 323.35 576 7.84±0.02
7.06 323.35 538 5.52±0.09
8.06 323.35 492 3.17±0.55
0.10 343.55 690 17.88±0.09
0.97 343.55 677 16.72±0.04
1.99 343.55 660 15.15±0.02
3.00 343.55 643 13.26±0.06
4.01 343.55 624 11.71±0.09
5.04 343.55 602 10.16±0.09
6.07 343.55 579 8.50±0.05
7.08 343.55 554 7.01±0.04
8.09 343.55 523 5.54±0.05
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Table D.2.: Interfacial tension results of the (n-alkane + CO2) systems con-
tinued...
p /MPa T /K ∆ρ /kg m−3 γ /mN m−1
9.08 343.55 490 4.34±0.34
0.97 373.45 654 14.56±0.07
1.97 373.45 640 13.14±0.12
2.98 373.45 625 12.04±0.09
4.00 373.45 610 10.89±0.08
5.01 373.45 593 9.79±0.05
6.03 373.45 575 8.60±0.07
7.05 373.45 555 7.48±0.06
8.07 373.45 534 6.42±0.04
9.00 373.45 514 5.50±0.04
10.10 373.45 488 4.47±0.05
11.10 373.45 464 3.51±0.09
12.12 373.45 437 2.48±0.39
0.96 403.05 631 13.06±0.09
1.97 403.05 619 11.91±0.31
2.98 403.05 606 10.91±0.24
4.01 403.05 592 9.92±0.29
5.01 403.05 578 8.98±0.26
6.05 403.05 563 8.01±0.30
7.10 403.05 547 7.08±0.25
8.10 403.05 531 5.95±0.45
9.09 403.05 514 5.27±0.19
10.10 403.05 496 4.63±0.20
11.10 403.05 478 3.89±0.09
12.11 403.05 459 3.08±0.47
0.96 443.05 598 10.08±0.33
1.97 443.05 588 9.37±0.15
2.97 443.05 577 8.76±0.02
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Table D.2.: Interfacial tension results of the (n-alkane + CO2) systems con-
tinued...
p /MPa T /K ∆ρ /kg m−3 γ /mN m−1
3.98 443.05 566 7.9±0.17
5.02 443.05 554 7.2±0.07
6.07 443.05 542 6.37±0.25
7.10 443.05 529 5.69±0.18
8.10 443.05 517 5.19±0.06
9.10 443.05 504 4.60±0.16
10.12 443.05 491 4.11±0.28
11.13 443.05 477 3.54±0.21
12.15 443.05 463 3.2±0.50
CO2 +n-dodecane
1.00 297.85 727 21.70±0.04
1.99 297.85 708 19.01±0.09
3.02 297.85 683 15.79±0.03
4.01 297.85 655 11.89±0.05
5.02 297.85 617 7.48±0.04
6.01 297.85 557 2.8±0.31
0.13 313.35 732 22.73±0.29
1.02 313.35 717 19.86±0.09
2.04 313.35 698 18.06±0.09
3.04 313.35 677 15.90±0.07
4.05 313.35 653 13.02±0.03
5.06 313.35 624 10.67±0.02
6.01 313.35 590 8.41±0.04
7.04 313.35 540 5.30±0.48
8.05 313.35 459 2.13±0.31
0.91 323.15 712 19.19±0.17
1.92 323.15 695 17.61±0.30
2.93 323.15 675 14.87±0.15
3.94 323.15 653 13.05±0.10
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Table D.2.: Interfacial tension results of the (n-alkane + CO2) systems con-
tinued...
p /MPa T /K ∆ρ /kg m−3 γ /mN m−1
4.95 323.15 628 11.09±0.06
5.97 323.15 598 8.26±0.12
7.00 323.15 560 6.76±0.02
8.05 323.15 512 4.67±0.08
9.03 323.15 447 2.29±0.05
0.17 354.25 702 17.99±0.23
1.00 354.25 690 17.13±0.18
2.00 354.25 674 16.10±0.12
3.05 354.25 657 14.33±0.21
4.05 354.25 639 12.76±0.16
5.06 354.25 620 11.94±0.19
6.07 354.25 599 10.63±0.20
7.09 354.25 576 9.04±0.05
8.10 354.25 550 7.73±0.07
9.11 354.25 522 6.69±0.29
10.13 354.25 490 5.19±0.33
11.14 354.25 455 3.68±0.25
1.02 375.95 674 15.19±0.13
2.02 375.95 660 14.59±0.08
3.04 375.95 645 12.91±0.12
4.04 375.95 630 11.71±0.09
5.07 375.95 613 11.02±0.05
6.10 375.95 594 10.39±0.10
7.10 375.95 576 9.40±0.06
8.10 375.95 555 8.42±0.04
9.11 375.95 534 7.41±0.05
10.14 375.95 510 6.17±0.10
11.17 375.95 485 5.21±0.05
12.17 375.95 460 4.30±0.09
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Table D.2.: Interfacial tension results of the (n-alkane + CO2) systems con-
tinued...
p /MPa T /K ∆ρ /kg m−3 γ /mN m−1
13.18 375.95 432 3.46±0.21
1.01 403.15 655 14.66±0.19
2.02 403.15 642 14.04±0.19
3.03 403.15 629 12.75±0.10
4.05 403.15 615 11.99±0.07
5.06 403.15 601 10.66±0.15
6.07 403.15 586 10.04±0.22
7.08 403.15 570 9.07±0.06
8.08 403.15 554 8.40±0.08
9.10 403.15 537 7.47±0.08
10.11 403.15 519 6.36±0.17
11.13 403.15 500 5.67±0.16
12.14 403.15 481 5.13±0.26
13.15 403.15 461 3.79±0.40
14.16 403.15 441 3.55±0.38
15.17 403.15 420 2.49±0.43
0.12 443.05 633 12.37±0.21
1.00 443.05 625 12.07±0.25
2.02 443.05 614 11.36±0.19
3.03 443.05 603 10.56±0.24
4.05 443.05 591 9.81±0.18
5.06 443.05 579 8.96±0.31
6.07 443.05 567 8.10±0.23
7.09 443.05 555 7.31±0.35
8.10 443.05 542 6.71±0.30
10.13 443.05 515 5.55±0.09
12.15 443.05 487 4.24±0.27
14.18 443.05 458 3.36±0.35
15.18 443.05 443 2.48±0.22
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Table D.2.: Interfacial tension results of the (n-alkane + CO2) systems con-
tinued...
p /MPa T /K ∆ρ /kg m−3 γ /mN m−1
CO2 +n-hexadecane
0.15 297.85 768 27.05±0.10
0.99 297.85 752 24.54±0.22
1.99 297.85 732 21.23±0.03
3.00 297.85 708 17.69±0.02
4.02 297.85 679 13.83±0.04
5.02 297.85 641 9.43±0.09
6.03 297.85 579 4.19±0.28
0.14 313.45 758 25.27±0.05
1.00 313.45 743 22.95±0.08
2.00 313.45 724 20.46±0.10
3.00 313.45 703 17.79±0.15
4.01 313.45 678 15.15±0.04
5.02 313.45 650 12.33±0.07
6.03 313.45 614 9.69±0.08
7.01 313.45 567 6.87±0.13
8.01 313.45 489 3.95±0.26
8.05 313.45 489 3.95±0.20
0.16 354.25 729 21.92±0.23
1.00 354.25 717 20.84±0.06
2.00 354.25 701 19.11±0.16
3.01 354.25 684 17.57±0.08
4.01 354.25 666 15.93±0.08
5.03 354.25 646 14.19±0.18
6.05 354.25 625 12.71±0.06
7.06 354.25 602 11.09±0.11
8.04 354.25 576 9.74±0.08
9.05 354.25 555 8.23±0.17
10.05 354.25 517 6.85±0.21
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Table D.2.: Interfacial tension results of the (n-alkane + CO2) systems con-
tinued...
p /MPa T /K ∆ρ /kg m−3 γ /mN m−1
11.05 354.25 482 5.81±0.12
0.14 403.05 696 18.51±0.13
0.98 403.05 685 17.67±0.05
1.95 403.05 672 16.61±0.07
2.96 403.05 658 15.27±0.08
3.98 403.05 644 14.10±0.13
4.99 403.05 629 13.13±0.08
6.04 403.05 612 12.04±0.08
6.12 403.05 611 11.90±0.06
7.02 403.05 596 10.96±0.11
8.05 403.05 579 10.00±0.10
9.07 403.05 561 8.99±0.12
10.12 403.05 542 8.00±0.14
11.08 403.05 524 7.07±0.23
12.00 403.05 506 6.40±0.09
13.05 403.05 484 5.71±0.17
14.06 403.05 464 5.04±0.17
15.07 403.05 442 4.49±0.19
16.03 403.05 422 3.80±0.37
0.16 443.05 667 15.01±0.06
1.99 443.05 645 13.66±0.08
4.00 443.05 621 12.04±0.24
6.00 443.05 595 10.52±0.06
8.00 443.05 568 9.02±0.13
10.03 443.05 539 7.43±0.17
12.02 443.05 510 6.18±0.26
14.02 443.05 479 4.97±0.16
15.04 443.05 463 4.60±0.16
17.00 443.05 432 3.55±0.29
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Table D.2.: Interfacial tension results of the (n-alkane + CO2) systems con-
tinued...
p /MPa T /K ∆ρ /kg m−3 γ /mN m−1
19.01 443.05 401 2.69±0.21
20.99 443.05 369 1.97±0.16
23.01 443.05 338 1.52±0.13
Table D.3.: Interfacial tension results of the (H2O +[n-decane + CO2]) sys-
tem. The errors correspond to the standard deviation of the interfacial
tension data, calculated for all frames recorded between the relevant time-
frame after the creation of each drop, for four consecutive drops at each state
point. The density difference used for the determination of the interfacial
tension at each state point corresponds to that between the pure density
for H2O(1) and the calculated density for the [n-decane(2) + CO2(3)] using
SAFT-VR.
p / MPa T / K x3/x2 ∆ρ / kg m
−3 γ / mN m−1
0.11 297.85 0.0 270 51.69±0.29
0.18 323.35 0.0 281 47.78±0.16
22.25 323.35 0.0 272 48.88±0.29
39.80 323.35 0.0 267 49.11±0.25
0.15 343.45 0.0 286 46.28±0.24
22.85 343.45 0.0 275 47.68±0.22
49.02 343.45 0.0 267 48.39±0.21
0.20 374.25 0.0 291 42.87±0.25
23.00 374.25 0.0 276 44.13±0.26
47.15 374.25 0.0 267 45.21±0.72
0.40 403.05 0.0 292 39.59±0.66
24.50 403.05 0.0 273 40.33±0.63
48.00 403.05 0.0 262 40.90±0.59
1.15 442.85 0.0 288 32.36±2.80
46.40 442.85 0.0 252 36.89±0.72
14.10 323.25 0.2 271 39.25±0.36
21.50 323.25 0.2 267 39.19±0.71
41.60 323.25 0.2 254 38.46±0.74
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Table D.3.: Interfacial tension results of the (H2O +[n-decane + CO2]) sys-
tem continued...
p / MPa T / K x3/x2 ∆ρ / kg m
−3 γ / mN m−1
15.50 374.45 0.2 282 36.89±0.42
27.00 374.45 0.2 274 37.43±0.38
47.00 374.45 0.2 258 37.72±0.34
17.50 403.15 0.2 281 33.60±0.51
25.00 403.15 0.2 275 34.40±0.50
46.00 403.15 0.2 258 35.55±0.31
11.00 443.05 0.2 280 28.53±0.50
22.00 443.05 0.2 272 29.75±0.59
46.00 443.05 0.2 253 31.33±1.17
23.00 323.15 0.5 237 34.54±0.49
33.00 323.15 0.5 230 34.76±0.51
47.00 323.15 0.5 220 34.21±0.35
36.70 373.55 0.5 247 31.92±0.50
46.15 373.55 0.5 237 31.54±0.27
12.60 403.15 0.5 281 26.29±1.13
48.20 403.15 0.5 239 29.90±0.57
14.80 443.15 0.5 284 21.72±0.64
46.00 443.15 0.5 243 25.06±0.54
Table D.4.: Interfacial tension results of the (H2O + CsCl-
4wt% + DTAB +n-decane) system measured with the plate method.
The errors correspond to the standard deviation of the interfacial tension
data, calculated for all values recorded between the relevant timeframe
after the contact of the plate with the interface, for three repetitions with
new fluids at each concentration. The measurements were carried out at
ambient conditions; p = 0.1 MPa and T = 295 K.
CDTAB / g L
−1 γ / mN m−1 ... +CCsCl / g L−1 γ / mN m−1
– 51.53±0.13 40.00 50.46±0.30
0.00742 32.42±0.39 39.65 38.45±0.12
0.0742 21.27±0.19 39.94 27.18±0.32
0.371 14.34±0.17 39.94 16.83±0.26
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Table D.4.: Interfacial tension results of the (H2O + CsCl-
4wt% + DTAB +n-decane) system continued...
CDTAB / g L
−1 γ / mN m−1 ... +CCsCl / g L−1 γ / mN m−1
1.11 9.41±0.03 39.89 9.83±0.21
2.23 6.38±0.10 39.87 8.60±0.09
4.45 2.30±0.30 40.04 8.66±0.20
10.00 1.68±0.49 – –
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